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ABSTRACT OF THE DISSERTATION

The modulating effect of ocean thermal forcing on the retreat of Greenland’s
marine-terminating glaciers

By
Michael Wood
Doctor of Philosophy in Earth System Science
University of California, Irvine, 2019

Professor Eric Rignot, Chair

In recent decades, tidewater glaciers in Greenland have exhibited a complex spatial pattern of
retreat and contributed significantly to sea level rise. This development has been coincident with
the warming of ocean waters around Greenland’s continental shelf and within its fjords. Here, 1
use a combination of regional ocean state estimates, remotely-sensed data of glacier evolution, and
novel observations of bathymetry and water temperature from NASA’s Ocean Melting Greenland
mission to quantify the role of warm, salty Atlantic Water in controlling the retreat of 226 marine-
terminating glaciers from 1985 to present. Modeled ocean-induced undercutting of calving margins
compared with ice advection and ice front change indicates that glacier perturbations are largely
triggered by excess melt by the ocean. Subsequent ice front retreat is determined by the bed
geometry underneath the ice and the progression of ice front undercutting after retreat: Shallow
protrusions, submerged sills and colder, fresher water act to stabilize ice fronts, while deeper,
warmer fjords tend to enhance retreat. Despite the role of the ocean in inducing the inland migration
of glacier margins, calving processes still dominate the total ablation on the periphery of the ice
sheet. This work highlights the role of ocean temperature variability in modulating the retreat of

Greenland’s glaciers.
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Chapter 1

Introduction

1.1 Recent Evolution of the Greenland Ice Sheet

The Greenland Ice Sheet (GrIS) contains approximately 3.0 x 10° km?3 (2.7 x 105 Gt) of ice
[Morlighem et al., 2017] — the equivalent of approximately 7.4 m of sea level rise or 6.7% of the
total freshwater on Earth. In recent decades, the GrIS has been losing mass at an accelerating rate,
contributing to global sea level rise at 0.38 mm/decade between 1972 and 1992 and 5.04 mm /decade
between 1992 and 2018 [Mouginot et al., 2019]. The ice sheet loses mass in two main processes:

negative surface mass balance anomalies and increased ice dynamics.

Surface mass balance (SM B) reflects the balance of accumulation and ablation processes on the
surface of the ice sheet. The ice sheet accumulates mass as precipitation in the form of snow or
refrozen rain (P), and loses mass by evaporation (E), sublimation (5), and runoff (R) into the

surrounding ocean, i.e.
SMB=P—-FE—-S—R|[Gt/yr] (1.1)

SMB is positive in Greenland as accumulation via snow and rain exceeds that which is lost through

ablation processes. However, runoff from the ice sheet has increased within the past two decades,



yielding a negative anomaly in SMB (Figure 1.1).

Ice dynamics represents the interrelated changes in glacier length, ice thickness, and flow speed at
the 260+ glaciers which flow from the interior ice divide of the GrIS to the periphery. Marine-
terminating glaciers (or “tidewater” glaciers) represent the largest and fastest-flowing glaciers on
the ice sheet: by width, the largest glacier in Greenland is Humboldt Glacier (~100 km wide) in the
northern sector of the ice sheet, while by ice flux, the most significant glacier is Jakobshavn Isbrae
(~33 Gt/yr) in the central west sector. Mirroring the effect of SM B, ice discharge (D) through
Greenland’s glaciers has increased substantially over the past several decades (Figure 1.1). The

total mass balance (M B) of the ice sheet is determined by both SM B and D:

MB = SMB — D [Gt/y1] (1.2)

The negative anomaly in SM B and the increases in D over the past several decades have yielded

an increasingly negative M B on the ice sheet (Figure 1.1)

Coincident with this mass loss, the ice margins of marine-terminating glaciers have retreated inland
[Moon and Joughin, 2008, Murray et al., 2015, Hill et al., 2018b, Wood et al., 2018]. Glacier retreat
has been most extensive in the northwest and southeast sectors — the two areas constituting the
highest increase in discharge rates — yet all sectors have instances of observed glacier retreat. While
the area of ice lost at glacier margins is negligible in comparison to the total area of the ice sheet,
the loss of grounded ice plays an important role in its overall mass balance because ice at glacier
termini provides a buttressing force against ice upstream and keeps the flow speed of the glaciers
consistent through time [Meier and Post, 1987]. When this ice is removed, the glaciers will flow
faster and lead to increased ice discharge — the same phenomenon observed on the ice sheet over the
past four decades. The loss of floating ice attached to the front of glaciers may additionally provide
a small buttressing force through friction on its shear margins, but substantial floating extensions
(> 5 km) are rare in Greenland: only 10 glaciers have maintained such extensions, and 6 of these
have broken up since the year 2003 [e.g. Podlech and Weidick [2004]]. Thus, while the glaciers
with floating extensions may be much larger and have higher absolute discharge rates, their effect

on mass loss from the ice sheet may be outweighed by the vast quantity of other glaciers losing



grounded ice from the ice sheet margins.
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Figure 1.1: Mass Balance of the Greenland Ice Sheet 1972-2018

The annual surface mass balance and discharge estimates from Mouginot et al. [2019], yielding an accelerating mass
loss from the Greenland Ice Sheet over the past 46 years.

1.2 Oceanographic Setting of Greenland

Greenland is bordered by the Subpolar Gyre of the North Atlantic Ocean to its south, Baffin Bay
to its west, the Arctic Ocean to its north, and the Greenland Sea to its east (Figure 1.2). The
water masses reaching Greenland’s coastline can be broadly split by their source currents: The

North Atlantic Current and the Transpolar Current.

The North Atlantic Current flows northwest toward Ireland where the flow splits into one branch

moving northwest toward Iceland and another flowing north along Norway toward Svalbard, form-
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ing the Norwegian Current. The Iceland-bound current flows on the southern boundary of Ice-
land, around the shallow Mid-Atlantic Ridge, and then southwest toward Greenland, forming the
Irminger Current (IC). When this southwesterly current meets the cold, fresh, southward-flowing
East Greenland Current (EGC), the warm and salty water within the IC subducts the EGC, pro-
viding warm water below approximately 200 m. At the southern tip of Greenland, the IC turns
north and flows along the southwest coast, forming the West Greenland Current (WGC). When the
WGC reaches Davis Straight, the flow bifurcates with one portion moving east in the Labrador Sea
and into the western lobe of the subpolar gyre, and the other portion moving north through Davis
Straight. The WGC is the primary supplier of heat to Baffin Bay and the west coast of Greenland,
which largely occurs via eddies on the eastern boundary of the passage. In Baffin Bay, there is
an anti-cyclonic circulation, with a net northward movement on the eastern side of the basin, and

southward return flow on the west side of the basin.

The Transpolar Current flows southward from the Arctic Ocean toward Greenland, with the main
branch flowing toward the Greenland Sea. This flow meets the northern end of the Norwegian
current on the southern boundary of Svalbard. These two currents flow south along Greenland’s

east coast with the cold water from the transpolar current constituting the EGC.

Figure 1.3 depicts the approximate current directions described here.

1.2.1 Historical Oceanographic and Hydrographic Observations

The common method for sampling ocean waters around Greenland is to use conductivity-temperature-
depth (CTD) sensors to observe the variation of salinity and temperature with depth. Historical
CTDs are compiled in the World Ocean Database [Levitus et al., 2013] and the International
Council for the Exploration of the Seas Database (http://ices.dk). Due to difficulties in navigat-
ing sea ice and icebergs around the continent which increase with latitude, historical observations
of Greenland’s surrounding waters have been fairly sparse, and conversely decrease in availability
with latitude (Figure 1.4). While some observations near northern glaciers exist, the southwest

and central west regions are the best-sampled regions due to their proximity to the major towns
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Figure 1.3: Overview of Ocean Currents and Representative Observations
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and research centers on the continent. Disko Bay has been surveyed each year since 2000 by the
Danish Meteorological Institute (DMI), primarily due to its relative ease of access and its close
location relative to the medium-sized towns of Illullisat and Aasiaat, and the prominent glacier
Jakobshavn Isbrze. DMI has also consistently sampled Godthabsjord since 2006, which is adjacent
to the Greenland Institute of Natural Resources in Nuuk and contains three large glaciers which
terminate in the fjord. Other observations around Greenland have been made by smaller research
excursions [e.g. Mayer et al. [2000]] and instruments on industrial fishing operations [e.g. Holland

et al. [2008]]

These historical observations reveal a water column which typically consists of a cold, fresh layer
of Arctic origin between the surface and 100 m (Polar Water, PW), a warm, salty layer of Atlantic
origin below 200 m (Atlantic Water, AW), and a mixed transition zone in between. The warmest
waters — between 6 and 9°C — are found in the southeast sector of the ice sheet where the IC delivers
water from the North Atlantic Current. As the IC mixes with the EGC and ice sheet runoff along
the King Christian IV coast and later in southwest Greenland, the temperature declines 1-2°C and
a prominent fresh layer develops near the surface. Temperatures decline further with latitude as
cold, PW is mixed within the water column, yielding a temperature range of -1 to 4°C in central
west and northwest Greenland. The same latitudinal temperature gradient is observed on the east
coast of Greenland with waters near the Northeast Greenland Ice Stream between -2 and 1°C. See
Figure 1.3 for example CTD profiles obtained in September and October of 2016 that exemplify
these latitudinal trends. Despite the mixing of PW and AW with latitude, and the modulation of
these waters by ice sheet runoff and glacial melt within fjords, the deep AW layer is nonetheless
a prominent feature near glacier margins. The signature of AW is most prominent in fjords closer
to the IC, but is still identifiable in the few observations available for Greenland’s northern-most

fjords [Straneo et al., 2012].

For bathymetry, the most accurate measurements of sea floor depth come from single- and multi-
beam echo sounders (SBES and MBES, respectively). Mirroring the availability of oceanographic
observations, MBES measurements of bathymetry both on the continental shelf and within the

fjords have primarily been limited to the subpolar gyre, a handful of regions on the continental



shelf, and a few select fjords. SBES measurements, such as those provided by fishing vessels, are
more abundant and make up the majority of measurements around Greenland. These hydrographic
measurements of Greenland’s surrounding ocean are compiled in the International Bathymetric

Chart of the Arctic Ocean [IBCAO, Jakobsson et al. [2012]].
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Figure 1.4: Availability of Historical CTDs around Greenland

Historical observations have been most abundant south of 68°N but some observations north of this parallel exist.
The search domain for this plot is reflected in 1.2

1.2.2 ECCO Simulations

To investigate the temperature and salinity trends in other regions of Greenland where observations
are less abundant, it is necessary to use ocean models which simulate the transport of heat and
salt through the network of ocean currents described above. The project described herein uses
ocean state estimates from the Estimating the Circulation and Climate of the Ocean (ECCO)
consortium. ECCO provides products which range from data-constrained global state estimates to

high-resolution simulations run from an initial (data-constrained) ocean state.

Within the ECCO framework, Rignot et al. [2012] provide a regional “Arctic Solution” which
simulates the circulation around Greenland 1992-2011 at a 4 km resolution — a scale required to

capture the transport of heat by eddies. Another simulation from Zhang et al. [2018] — the “LLC270



Solution” — is provided 2001-2017 at a more coarse (~25 km) resolution constrained by observations.
Together, these simulations indicate a warming of ocean waters around Greenland between 1997
and 2008 via the advection of heat anomalies from the subpolar gyre. The largest warming signal
of approximately 3°C is observed in Baffin Bay, yet warming is observed along all coastlines of the
ice sheet. After 2008, all regions except the northeast and central east experienced a 1-2°C cooling
which persisted until the end of the simulation period. Figure 1.5 depicts the mean trends at 250

m depth for the 7 regions of Greenland as simulated in these two ocean model estimates.

Although the Arctic and LLC270 Solutions are useful for estimating temperature and salinity
variability on Greenland’s continental shelf and surrounding seas, they are not able to simulate
circulation within fjords and the heat transport directly to the glacier terminus regions. Glacier
fjords are typically 5-20 km wide which cannot be effectively captured at the resolution of these
two simulations. Moreover, the models rely on the bathymetry from IBCAO which contains little
information on the depth of Greenland’s fjords due to a lack of hydrographic measurements. A
detailed description of the model errors, the adjustments of the solutions for use within glacier

fjords, and the merging procedure is provided in Section 2.3.3.

While the dearth of oceanographic and hydrographic measurements has limited the ability of these
models to represent oceanographic properties and trends in close proximity to the glacier fronts,
new measurements collected during the course of this project will help elucidate circulation within

fjords and improve our understanding of processes directly impacting glacier stability.

1.3 Role of Ice-Ocean Interactions

The importance of a glacier’s fjord environment in determining its front position was first described
as a major contributor to ice front stability for Alaskan glaciers where glaciers terminating in deeper
fjords were observed to retreat faster than those in shallow fjords [Post, 1975]. Ice front retreat is
further enhanced if the ice front retreats into deep waters where the effective pressure-dependent
melting point declines and the glacier is in contact with warmer, saltier water at depth [Meier and

Post, 1987].
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In Greenland, ice discharge rates are typically much higher than in Alaska, and the difficulty of
conducting oceanographic observations within ice-choked fjords has largely obscured the under-
standing of how ocean warming impacts glacier terminus stability [Joughin et al., 2012, Straneo
and Heimbach, 2013]. Nonetheless, the correlative timing of ocean warming on Greenland’s con-
tinental shelf and increased ice discharge from marine-terminating glaciers has suggested a strong
link between the two processes. For example, warmer ocean waters advected from the subpolar
gyre through Davis Straight and into Disko Bay were observed to play a critical role in the break-up
of Jakobshavn Isbrae’s 10 km-long floating ice extension in 2003, leading to a 100% increase in ice
speed [Holland et al., 2008]. The recent slowdown and re-advance concurrent with colder waters in
Disko Bay after 2015 [Khazendar et al., 2019] has provided further evidence that ocean forcing is a
key factor in modulating the front positions of marine-terminating glaciers. Regional observations
and ocean model estimates on the east coast of Greenland have also identified a strong relation
between ice front retreat, thinning, and acceleration, and warmer ocean waters in the Greenland

and Irminger Seas [Murray et al., 2010, Seale et al., 2011].

While there is substantial evidence that ocean temperature variability plays a key role in the
observed evolution of Greenland glaciers, estimates of ocean-induced melt rates have been relatively
sparse. Existing measurements indicate substantial melt rates between 1 and 5 m/d, which is the
same order of magnitude as ice flow speeds. For example, In Torssukataq Fjord, Disko Bay, CTD
measurements near 4 glaciers revealed substantial melt rates up to 3.9 m/d [Rignot et al., 2010]
which compares well with ice velocities between 5 and 6 m/d. Similarly, at Saqqarliup Sermia
in Ilullisat Isfjord, ice melt rates were estimated at 0.5 m/d [Slater et al., 2018] which is nearly
equivalent to the ice flow speed. Melt rates of the same magnitude are estimated on the east coast
of Greenland: for instance, submarine melt at Helheim Glacier has been estimated at 1.8 m/d
during the summer [Sutherland and Straneo, 2012]. Finally, for 13 glaciers glaciers with floating
extensions, remotely-sensed estimates of ice flux and frontal ablation demonstrated melt rates of

1-3 m/d with the highest rates observed in central west Greenland [Enderlin and Howat, 2013].

Marine-terminating glaciers on the Greenland Ice Sheet form englacial hyrologic networks which

transport surface melt water at inland locations to the base of the glacier terminus. This fresh
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water is combined with basal melting underneath the ice and discharged at the base of the glacier
terminus. Since the discharge is less dense than the surrounding fjord waters, it quickly rises toward
the surface, entraining dense fjord water from depth along the way. Melt within these rising plumes
reaches a maximum near the base of the glacier acting to undercut the ice front. While direct melt
outside of the entrainment plumes can be substantial [Chauche, 2016, Slater et al., 2018], the intense
melting at the base acts to retreat the grounding line, and small floating extensions are quickly
calved off from the front. In this framework, ablation processes can be divided into melt at the
base and any residual ice blocks which subsequently calve off, and iceberg calving which occurs via

other processes.

There have been three main methods to infer ice front melt by the ocean within subglacial discharge
plumes: conservation of mass, salt, and heat from inner-fjord CTDs, plume theory, and the param-
eterization model experiments. Conservation equations have been used successfully for glaciers in
central west Greenland fjords [Rignot et al., 2010] although this approach requires several CTDs
in close proximity to the calving front and an assumption on the circulation pattern within the
fjord, yielding considerable uncertainty. Plume theory has been applied successfully in a number
of fjords (e.g. Ilullisat Isfjord [Slater et al., 2018, Khazendar et al., 2019]) but requires additional
assumptions about the circulation within the fjord. In both of these approaches to estimating the
impact of melt on the ice front location of the glacier, the exact location of ocean melt on the ice
face is not determined, but rather an average is calculated. Instead, the project herein will rely
on the parameterization of maximal melt near the grounding line as derived from high-resolution
modeling experiments. These experiments were first carried out in 2 dimensions [Xu et al., 2012]
and later in 3 dimensions [Xu et al., 2013] for melt on Store glacier in central west Greenland.
Later, these model experiments were expanded to include a number of different glacier geometries

[Rignot et al., 2016].

Estimates of ice front melt are critical to quantifying the impact of ocean temperature variability
on the evolution of the ice sheet, both in the recent past and in projections of Greenland mass loss
in the coming century. While the estimates above have provided a snapshot of this impact within

specific seasons and temperature regimes, a full quantification of ocean melt around Greenland is
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still lacking.

1.4 Research Objectives

The collective observations of recent glacier retreat and mass loss, estimates of ocean warming
around Greenland, and the existing literature on ice-ocean interactions have provided a broad body
of evidence suggesting ocean-induced melt plays a significant role in modulating the evolution of
glaciers on the ice sheet. However, the relatively few studies which have attempted to quantify the
magnitude of ocean melt and its role in driving changes on the ice has left the extent to which the

ocean modulates mass loss from the ice sheet unclear.

The goal of the research described herein is to quantify the extent by which ocean temperature
variability in the waters around Greenland has modulated the ice front positions and dynamics of
the 226 marine-terminating glaciers discharging ice from the GrIS between 1992 and 2018. The
central hypothesis is that increased melt on the periphery of the ice sheet removes grounded ice at
glacier terminus region, leading to the retreat of ice margins and the acceleration of ice toward the

ocean. Specifically, the science objectives of this project are as follows:

1) For each of Greenland’s 226 marine-terminating glaciers:

i. Reconstruct the history of ice margin positions and glacier flow speeds from remotely-

sensed data

ii. Estimate the variation in ocean-induced melt on the ice terminus using ocean state

estimates and modeled fjord circulation regimes

iii. Quantify the proportion of ice retreat attributed to ocean variability
2) Delineate categorizations for the response of glaciers to ocean temperature variability

3) Assess the proportion of recent ice sheet change which has been induced by ocean warming

within the past several decades
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Chapter 2

Methodology

2.1 Glacier Terminus Location

The location of a glacier’s terminus is determined by the balance between the advection of ice from
upstream (gy) and the total ablation at the terminus [Rignot et al., 2016]. For marine-terminating
glaciers, the two dominant ablation processes are iceberg calving (¢q.) and direct melt by the ocean
(gm). Letting g, represent the change in the glacier grounding line position, conservation of mass

yields

dr = 4f —qc — dm [m/d] (2'1)

where ¢, is oriented to be positive in the direction of ice flow. In this framework, a glacier front
will retreat (advance) if the combination of g, and g. are greater (less) than g;. Figure 2.1 depicts

these processes.

As described in below, the sources of g, gy and g, are derived from a combination of remotely-
sensed measurements, models, and in situ observations, while ¢, is inferred as the residual term in

equation 2.1.
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Figure 2.1: Glacier Flux Balance Diagram

Figure adapted from Straneo and Heimbach [2013]

Data Sources Glacier terminus locations are determined from historical satellite imagery from a
variety of optical- and radar-based sensors. In the project described herein, imagery from Landsat
5 (1985-1998), Landsat 7 (1999-2012), and Landsat 8 (2013-2019) are utilized to derive a historical
record of ice front positions. These scenes are provided by NASA and the United States Geological
Survey through the “Earth Explorer” web portal (earthexplorer.usgs.gov). The resolution of these
images vary from 30 m for Landsat 5, and 15 m for Landsat 7 and Landsat 8. The “green” band
(Band 3, 0.52 - 0.60 pm) is used for Landsat 5 scenes while the “panchromatic” band is used for
Landsat 7 (Band 8, 0.52 - 0.90 ym) and Landsat 8 (Band 8, 0.503 - 0.676 pum) scenes.

As ice front positions serve as a proxy for ice sheet flux, several datasets exist which describe their
historical locations. Murray et al. [2015] digitized front positions for 199 tidewater glaciers between
2000 and 2010 from Landsat 7 imagery, providing several fronts per year during the northern
hemisphere summer. Moon and Joughin [2008] digitize front positions for 203 glaciers between
2000 and 2018 from ERS-1, RADARSAT-1, Landsat-8 and Sentinel-1A/B data, providing one
front per year during the northern hemisphere winter. Hill et al. [2018b] provide a longer historical
record for 18 glaciers in northern Greenland from the early 1990’s to present using a variety of

aerial and satellite sources. These datasets are used to supplement the records generated in this
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Table 2.1: UTM Zone Longitude Ranges near Greenland

UTM Zone | Longitude Range
19 72°W — 66°W
20 66°W — 60°W
21 60°W — 54°W
22 54°W — 48°W
23 48°W — 42°W
24 42°W — 36°W
25 36°W — 30°W
26 30°W — 24°W
27 24°W — 18°W

UTM zones define projections which are optimized for distance and area calculations. For integrated values, the zone
corresponding to a glacier’s location is used for calculations.

study.

Methods To construct records of ice front change, glacier margins are manually digitized using
the open source geographical information software QGIS. Fronts are digitized and stored in polar

stereographic coordinates (ESPG: 3413).

To deduce the retreat or advance of a glacier ice front between two time periods, the total change in
area is calculated between the two front positions. For a linear retreat metric, the front area change
is divided by the average width of all available ice fronts. This is similar to the “Box Method”

[Moon and Joughin, 2008] in which the the width and orientation are chosen by hand.

Numerical Implementation To calculate the front area change for a glacier, first a sample area
is defined which encompasses the front area region and an arbitrary section of the glacier upstream.
Then, to calculate the area change between two observations, the front positions are used to portion
the sample area into the region of the glacier delineated by the front. For efficiency, the area of the

polygons are calculated using the Shoelace formula:

N—-1 N-1
1
A= 5 nz:l TpYn+1 + TNYL — nz:l Tn+1Yn — .’BlyN‘ [mZ} (2'2)

16



Ice Front Area
1996-07-02

lce Front A ‘ N Ice Front

&

Figure 2.2: Ice Front Retreat Calculation Example

The total retreat distance is calculated as the area loss (39 km?) divided by the width of the glacier fjord (5.3 km).
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for the number of edges N of the polygon, and the verticies (z,,, y,). The retreat/advance magnitude
is the difference between the areas of these two regions. The area calculation is carried out in the
coordinates of the UTM zone which pertains to the glacier’s longitude (Table 2.1). This process
results in the total change between the two fronts, and accounts for the circumstance where one end
of the ice front advances and the other retreats. Figure 2.2 depicts the retreat calculation between

two front observations at Helheim Glacier between July 2, 1996 and July 28, 2017.

2.2 Ice Velocity

The advection rate of ice — the ice velocity — is calculated using two main methods: feature tracking

and interferometric synthetic aperature radar (InSAR).

Feature tracking is the strategy of determining the movement of patterns on the ice surface between
two satellite image pairs. For optical sensor images, these patterns may pertain to crevasses, cracks,
subaerial lakes, mineral residue from lateral moraines, and other discoloration patterns. For radar
images, these patterns are derived from radar “speckle” — the variation in the phase and amplitude
of the returned radar signal due to the texture of the glacier surface. Feature tracking is carried
out using a sliding window which searches for the highest correlation between a “chip” in one scene
and that in another. See, for example, Berthier et al. [2005] for an algorithmic description of this
technique and Fahnestock et al. [2016] for a modern adaption of this process for large data sets. The
vast quantity of overlapping Landsat data acquired over Greenland allows for sub-pixel precision,

leading to errors less than 10 m/yr.

InSAR is the strategy of determining feature displacement within a pair of radar images. In this
process, an interferogram is formed using the product of the first image and the complex conjugate
of the other. The phase difference within the interferogram is then “unwrapped” to reveal the
relative phase which, in turn, is the combination of topographic and displacement effects. By
removing the topographic signature, the displacement (i.e. the ice velocity) is derived from the
unwrapped interferogram. In terms of magnitude, errors associated with this method range from

1 m/d in regions of high coherence to 10-20 m/d where radar sampling is low and/or there is
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Table 2.2: Summary of Ice Velocity Data Sources.

Source Time Span Sensor(s) Method(s)
Mouginot et al. [2019] 1972-2018 | Landsat 1, 2, 3, 4, 5, 7, 8 | Feature Tracking
Mouginot et al. [2017] 2013-2016 Landsat 8 Feature Tracking

RADARSAT-2 InSAR
Sentinel-1
Howat [2016] 2000-2010 Landsat 7 Feature Tracking
Rignot and Mouginot [2012] 2008-2009 ALOS, RADARSAT-1 InSAR
Envisat
Joughin et al. [2010] 2000 ALOS, RADARSAT-1 InSAR
(MEaSURES) 2005-2018 SENTINEL 1-A,
TDX, TSX
Rignot and Kanagaratnam [2006] | 1996, 2000 RADARSAT-1, ERS-1 InSAR
2005 ERS-2, Envisat

significant ionospheric noise. For the flow direction, errors are highly constrained (< 1°) in fast
flow areas, particularly near the coast, while errors may high (> 20°) in extremely low speed (< 10
m/yr) areas such as the interior of ice sheets [Rignot and Mouginot, 2012]. See Joughin et al. [1996]

for a brief review of radar interferometry and an derivation of associated errors.

Data Sources There has been an international effort to map the velocity of Greenland’s ice using
both of the methods described above. See Table 2.2 for an outline of the major studies providing

ice velocity data which have been sourced in this study.

Methods To formulate an annual record of ice front velocity from existing velocity products,
velocity fields are averaged over one year from July 1 to June 30 onto a grid of 150 m resolution.
The center time is chosen in winter when the acquisition of radar data has historically been most
abundant. The velocity data is then converted to ice speed and sampled on a line parallel to the ice
front position during a given year, 1 km upstream. The 1 km buffer between the actual ice front and
the sampling location is induced to avoid spurious values associated with sea ice and decorrelation
near the front. If the ice speed data is available for more than 75% of the 1 km sampling line, the
mean values of the ice speed profile are taken as the mean ice speed of the glacier. If ice speed

points are more sparse along the sampling line, an estimate is formed by scaling the averaged ice
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Figure 2.3: Velocity Sampling Calculation Example

Velocity timeseries are deduced from annual velocity fields sampled on lines parallel to and 1 km upstream of the ice

front.
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speed field 1985-2018 to the available velocity points during the given year. The 1 km line is then

sampled along this scaled speed field.

Uncertainties in velocity are assessed from the sensor observations, the feature tracking and InSAR
algorithms, and the averaging procedures utilized in this study. The uncertainties associated with
the sensor observations and ice velocity algorithms are indicated collectively in the Data Sources
section above. The errors in the scaled sampling method are typically several times larger than

direct sampling due to the additional uncertainties associated with the scaling procedure.

Numerical Implementation The observed velocity field Vs (¢, x,y) is converted to an observed

ice speed field as

Sobs(ta z, y) = \/‘/;Jbs,l’(ta €, y)2 + V;)b&y(tv €, y>2 (23)

with errors computed from the observed error fields E,,s as

Z]obs (ta z, y) = \/Eobs,x (ta z, 9)2 + Eobs,y (t, z, y>2 (24)

To derive the 1 km sampling line £, a buffer is drawn around the closest-available terminus location
so that for any point on the front, the closest buffer point is at least 1 km away. The portion of
the buffer which coincides with the upstream ice area is then down-sampled to 200 points to define
the sample line. The closest point in the ice speed field within 150 m is assigned to each sample
line point. If there are no valid points within 150 m, the sample line point is not assigned an ice

speed value.

For a given year T, if at least 75% of the sample line points are assigned ice speed values, the mean

of these values is taken to estimate the mean ice speed g¢(T), i.e.

qt(T) = Sops(T, z,y) for x,y € L (2.5)
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The errors associated with this sampling are taken as the mean absolute error:

U(T) = EObS(T,I‘,y) for T,y € L (26)

If at least 75% of the sample line points do not have assigned ice speed values, the composite

velocity field

C(z,y) = V(t,z,y) for t € [1985,2018] (2.7)

is scaled to the observed ice speed. The scale factor a(x,y) is determined as the for each observed

point as

a(z,y) = m (2.8)

and averaged to yield a single scale factor, «, for the sampling field. The error in this procedure is

taken as the mean absolute difference between the available observed points and the scaled field:

o(T) = |Sobs (T 7, y) — aC(z,y)| (2.9)

Finally, the scaled field is sampled along the 1 km sampling line to yield an estimate of ice speed

during the year:

qf(T) = aC(z,y) for z,y € L (2.10)

See Figure 2.3 for an example calculation of an ice speed timeseries for Sverdrup Glacier in northwest

Greenland.
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2.3 Ice Front Undercutting

As described in section 1.3, melt within plumes of subglacial discharge water tend to undercut the
ice front, causing grounding line retreat. Here, ablation processes are divided into melt at the base
and any residual ice blocks which subsequently calve off as ¢,, and iceberg calving which occurs via

¢

other processes as g.. Hence, the ¢, term will hereafter be referred to as “ice front undercutting”.

In this study, a paramerization of ¢, from Rignot et al. [2016] is utilized:
4 = (AhgZ, + B)TF? [m/d] (2.11)

where h is the mean water depth of the ice front, ¢,, is the ice front area-averaged subglacial
discharge and T'F' is the thermal forcing averaged on the glacier terminus. The constants in the

parameterization are A =3 x 1074 d* ' m™* C° P a=03,B=015md ' C# and g =1.8.

To quantify the uncertainty associated the g,, model, the uncertainties on h (o), qsg (0g,,) and
TF (orp) are propagated through equation 2.11 assuming the uncertainty associated with each

variable is independent. The partial derivatives with respect to each variable are

Oqm

= — A TF?
8h ng
0qm -1
= Ahaq® 'TF?
0qsg Gsg
an . o 5_1
TE B(Ahgs, + B)TF

With the general error propagation equation

_ IGm, 2 Igm, 2 Igm, 2
Og = Wah + @U%g + TTFJTF

the uncertainty on ¢y, (0g,,) is quantified as

O = \/ (Age, TF3a3,)* + (ARTFPay,,)” + (B(Ahq2, + B)TFA=lorp)? [m/d] (2.12)
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2.3.1 Ice Front Geometry

To estimate the mean water depth A at the terminus, it is assumed that the ice face is vertical
from the ocean surface to the ice bed. Multi-beam echo sounding measurements of glacier front
geometry indicate that ice fronts are approximately vertical [Fried et al., 2015, Rignot et al., 2015].
The mean water depth of the ice front is determined from the shape of the fjord bedrock in the

vicinity of the ice front.

Data Sources Water depth in the terminus regions of marine terminating glaciers are sampled
from the bed rock/bathymetry product BedMachine [Morlighem et al., 2017] which is currently
released in Version 3. This data set has been updated to include all bathymetry measurements
from NASA’s Oceans Melting Greenland (OMG) campaign [OMG, 2016a] — an Earth Suborbital
Venture 2 mission initiated in 2015 which encompasses a suite of measurements on fjord bathymetry,
oceanographic properties, and ice geometry [Fenty et al., 2016]. See Table 2.3 for an overview of the
measurement types and figure 2.7 for the spatial extent of the MBES- and airborne gravity-derived

bathymetry measurements.

Bathymetry measurements from OMG were conducted by direct measurements using multi-beam
echo sounders (MBES) mounted to the hulls of marine vessels, and indirect measurements from
gravimeters flown over regions of interest. The MBES measurements were focused in the northwest
and southeast regions of the ice sheet, and aimed at regions of the continental shelf and glacier fjords
which had never been surveyed. The marine vessels used were the MV Cape Race, the RV Neptune,
and the SY Ivilia during the 2015, 2016, and 2017-2018 seasons. In total, the multibeam survey
covered approximately hundreds of square kilometers which had never been directly surveyed before,
revealing bathymetry which was, in some locations, hundreds of meters deeper than the previous
IBCAO maps indicated. While MBES measurements are highly accurate, the slow vessel speed (~
4 nautical miles per hr) and impassable ice conditions within some fjords limit the spatial extent
over which the measurements can be conducted. To broaden the regions in which bathymetry
measurements can be made, OMG also collected airborne gravity measurements over the same

regions. These fields can be “inverted” to retrieve an estimate of bathymetry as well as bed rock
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Table 2.3: Overview of OMG Campaign Measurements

Component Measurement Type Sector(s) Time Span
Bathymetry =~ Multibeam Echo Sounding NW 2015, 2017
SE 2016, 2018
Gravity NW, SE 2016

Temperature CTDs NW 2015, 2017
and Salinity CTDs SE 2016, 2018
Airborne Expendable CTDs All 2016-2021

Ice Geometry Radar Interferometry All 2016-2018

beneath the ice. The northwest gravity bathymetry measurements are detailed in An et al. [2019]
while several subregions are detailed in Millan et al. [2018]. At the time of this writing, the
study describing the full inversion of the southeast gravity fields are under review in the journal
Geophysical Research Letters [An et al 2019b]. Uncertainties in the bed elevation are derived
from their respective sources which are on the order of centimeters for direct single- or multi-beam
sonar measurements, 10’s of meters for airborne gravity measurements, and potentially more than
100 meters where measurements do not exist and synthetic/interpolated bathymetry is utilized to

provide a complete map.

Methods To formulate records of mean water depth, the digitized ice front records described
above are used to sample the BedMachine product. Within each profile, the submerged portions of
the front are identified and averaged to yield records of the mean submerged depth as well as the

submerged ice front area.

Numerical Implementation To find the mean water depth along the digitized ice front (z,y) €
F, the front points are first sampled on BedMachine to yield a bed profile B(z,y). Using these
elevation points, an along-front profile b(d) is constructed (e.g. see Figure 2.4 C(i-ii)). This profile
is then limited to the region of the front below sea level, and the profile is integrated using the

trapezoid rule to find the area A of the ice front:

1 N-1
A= > (dit1 — di)(B(dit1) + B(d;)) [m?]

=1
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Figure 2.4: Ice Front Geometry Calculation Example
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where the d;’s are the points in the along-front profile and N = |F|. The mean water depth is

deduced from the area divided by the length of the front L:

i.e.

h m (2.13)

A 53 (diss — di)(B(dig1) + B(di))
L SN (dir — dy)

2.3.2 Subglacial Discharge

Data Sources To calculate subglacial discharge, two datasets are used: one for ice sheet runoff
and one for ice sheet basal melt. Ice sheet runoff is deduced from version 2.3 of the Regional
Climate Model [RACMO, Noél et al. [2015]]. RACMO is developed and maintained by the Royal
Netherlands Meteorological Institute (KNMI). As applied to Greenland, the model is forced using
reanalysis data from the European Centre for Medium-Range Weather Forecasts to model surface
mass balances process on the ice sheet at a resolution of approximately 11 km. Specifically, the
study here utilizes the runoff fields from a 1 km downscaled version of RACMO2.3 (RACMO2.3p1,
Noél et al. [2016]). Basal melt is the result of basal friction and geomthermal heat flux deduced
using Ice Sheet System Model. The methods of this calculation are described in Seroussi et al.

[2013] and initially utilized in Rignot et al. [2016] and Wood et al. [2018].

Methods To estimate subglacial discharge, basins are defined on the ice sheet which encapsulate
the drainage of surface runoff from the interior of the ice sheet. Drainage basins are defined under
the assumption that ice sheet runoff remains on the surface in the interior of the ice sheet, and flows
through moulins and englacial hydrologic systems near the coast. This assumption is supported by
the close comparison of discharge measurements and surface runoff near the town of Kangerlussuaq
in West Greenland where it is possible to measure freshwater discharge on the periphery of the
ice sheet [Mernild and Hasholt, 2009]. Accordingly, the boundary of the basins on the surface are

defined by gradients of steepest descent in the GIMP DEM [Howat et al., 2014] for the areas on
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the interior of the ice sheet. Near the coast, the basin boundaries are defined by velocity flow lines,

assuming the net direction of subglacial hydrologic systems follows the ice flow directions.

The ice sheet runoff and basal melt fields are integrated over the defined basins which, in com-
bination, make up the total freshwater flux. In the melt rate parameterization described above,
subglacial discharge is utilized per unit area i.e. the total discharge volume is divided by the area

of the ice front described in section 2.3.1.

Numerical Implementation The RACMO2.3pl runoff R and ISSM-derived basal melt B are

fluxes at field points on the ice sheet i.e.
R = R(t,x,y) and B = B(z,y)

provided in mm of water equivalent per month over the glacier drainage basin D . These fields are

integrated for total monthly runoff as

Qsg(t) = /D[R(t,:c,y) + B(z,y)]dzdy for z,y € D (2.14)

On the Greenland Ice Sheet, many basins extend from the coast to the continental divide, spanning
several degrees of longitude. For example, the basin for Rink Isbrae spans 14.1 degrees from 51.7°W
to 37.6°W. To get accurate measurements for the base area during the integration, the calculation
must take place in an area preserving projection, just as for the retreat calculation in section 2.1.
To achieve an accurate measurement, D is divided into several subareas (D;’s) pertaining to the
area-preserving UTM projections which overlap the basin (See Table 2.1 for zone domains). The
integration is then carried out by dividing each D; into Delunay Triangles and integrating the fields

over each triangle using the volume formula

1
V= g(hl + h2 + h3)Abase
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Figure 2.5: Subglacial Discharge Calculation Example

Example of the integration of subglacial discharge calculation for Rink Isbrz in central west Greenland. The drainage
basin is divided into separate sections by UTM zone, the runoff is integrated on each subsection, and the combined
result yields a record of runoff from 1985 to 2018.
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where Apgse is the area of the base. For efficiency, this area is calculated using the vertex formula

g = |vra(vay —vay) + vaa(vsy — viy) + V30(v1y — v2y)
2

where the v;’s are the vertex coordinates of the triangular base. In terms of S = R+ B the numerical

integration sum is

Qo = 323 5181, ) + (a2, 02) + S, 10) (215)
D, N

where N is the number of Delunay triangles with vertices given by the field .S. For points on the
boundary of D, S is interpolated linearly between nearby grid points. Finally, the area-average
discharge is deduced by dividing ()54 by the submerged area of the terminus determined in section

2.3.1. See Figure 2.5 for an example of this calculation for Rink Isbrae in West Greenland.

2.3.3 Thermal Forcing

Thermal Forcing — the difference between the in situ temperature of sea water and its freezing
point — is used to quantify the heat available to melt glacial ice. Due to the lack of sufficient
observations for the 1992-2019 time period investigated, it is necessary to use model simulations
to examine thermal forcing over time. However, as described in section 1.2.2, presently-available
simulations have two main draw backs: 1) they do not exist for the entire time period, and 2)
the solutions do not extend into the glacier fjords. To remedy the first problem, two existing
simulations are “merged” to create a product which spans the investigation period. To address
the second problem, CTD measurements within the fjords are used to adjust the thermal forcing
estimates on the continental shelf to estimates within the fjords. In the following section, the
merging of model solutions on the continental shelf is addressed first, and the adjustment between

shelf and fjord waters are addressed second.
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Table 2.4: Comparison of ECCO Solutions.

4 km Solution | LLC270 Solution
Time Span 1992-2011 2001-2017
Domain Arctic Global
Configuration Forward Data Assimilation
Resolution 4 km 13.5 km
Bathymetry IBCAO V3 IBCAO V3

Thermal Forcing on the Continental Shelf

Data Sources The Estimating the Circulation and Climate of the Ocean (ECCO) consortium
is a multi-intitutional framework which yields ocean state estimates on both regional and global
scales. Two of these solutions — the “4 km Solution” [Rignot et al., 2012] and the “LLC270
Soluion” [Zhang et al., 2018] — were discussed in the introductory section 1.2.2. These solutions
have important trade-offs as outlined in Table 2.4 leading to sometimes large differences in their

solution. See, for example, the comparison of solutions in November 2005 (figure 2.6).

The historical CTDs were discussed previously in the introduction, in section 1.2.1. The available
CTDs around Greenland include those in the World Ocean Database [Levitus et al., 2013] and the
International Council for the Exploration of the Seas Database (http://ices.dk). More recently,
CTDs are provided by the OMG campaign [OMG, 2016b] and other smaller research endeavors.
CTD measurements taken during OMG were conducted both by ship and by air. The ship-based
CTDs were taken from the ships used for the MBES bathymetry mapping. The MV Cape Race
and RV Neptune were equipped with winches and specialized CTD probes designed to be used
while the vessel was under way in relatively ice free conditions. On the SY Ivilia, and in icy
conditions for all vessels, the CTDs were taken by hand. The ship based measurements were
supplemented by airborne expendable CTDS (AXCTDs) deployed from DC-8 aircraft. The span
of these measurements range from the interior regions of the fjords to the outer regions of the
continental shelf, in all sectors of the ice sheet besides the southwest where ongoing surveys are

conducted by DMI (Figure 2.7).
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Figure 2.6: ECCO Solution Comparison.

The 4 km Solution in the left plot captures eddies and fine scale circulation such as the Irminger Current in southeast
Greenland. The lower resolution LLC270 maintains the same general temperature structure but lacks many of the
same details. Additionally, Baffin Bay and the Greenland Sea are much colder due to less efficient transfer of heat
through defined currents.
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Figure 2.7: Overview of OMG Measurements

The left plot shows the extent of gravity measurements in green and MBES measurements in purple. The right plot
shows the extent of AX/CTDs from the OMG campaign 2015-2018.
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Figure 2.8: Sample Area Locations

The 28 sample regions defined around the Greenland Ice Sheet. The sample areas are chosen in deep areas of the
continental shelf that represent pathways of deep, warm AW from the outer shelf area toward the glacier fjords.
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Methods In the present ECCO model framework, the models have neither the resolution nor
accurate bathymetry necessary to represent flow through troughs on the continental shelf and
inside the glacier fjords. Therefore, to get an estimate of ocean properties within the fjords, it is
necessary to first sample the ocean models in areas on the continental shelf which are nearby the
individual glaciers and deep enough to capture deep, warm Atlantic water which has the potential
to enter the fjords. There were 28 different areas chosen along the Greenland coastline which fit

this criterion (Figure 2.8).

The ECCO solutions output three key variables required to deduce thermal forcing: potential
temperature #, salinity S and pressure P. With S and P, the in situ freezing point is deduced
using the parameterization

°C °C

.0901 — 0. 1P
PSU -+ 0.0901 — 0.00076 dbar

Tfreeze = —0.05755 (2.16)

Thermal forcing, which provides a useful quantification of the heat available to melt glacial ice, is

defined as

TF =T — Threcze (2.17)

where T is the in situ temperature of the sea water. To calculate T'F' from these variables, the po-
tential temperature 6 is converted to in situ temperature T" using the Gibbs Seawater Oceanographic

Toolbox software package (teos-10.org/software).

Figure 2.6 illustrates the need to reconcile the differences between the two solutions and form a
merged ocean product in order to use them together for long-term solutions of ocean thermal forcing
around Greenland. This merging procedure is conducted by first adjusting the vertical structure
in the LLC270 solution to match that in the 4 km solution. The underlying assumption in this
approach is that the higher resolution model will be able to better capture the heat transport
processes that lead to the vertical water profile within the sample areas. Then, the adjusted
solutions are merged by creating a linear smoothing between the the 4 km solution and the LL.C270

solution over a common time period. Finally, the merged solution is adjusted with CTDs to provide
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a best-match estimate to observations.

Numerical Implementation For each sample area S and for each model M € {4km, LLC},

the thermal forcing is averaged horizontally, i.e.

TFM,S(tvd) = TFM’S(t,l',y, d) for all T,y € S (218)

See Figure 2.9 for an example of this sampling in the CW1 sample area.

a) 4km Sampled TF (TF,;,, -y (t,d)) | .
100 1 5
6L
__ 200 1 =
E . l‘ 5.E
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500 1 2 g
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b) | LLC270 Sampled TF (TFy;c oy (t.d) :
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6>
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£ BiE
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& 400t 3%
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1 F
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Figure 2.9: Thermal Forcing Comparison: Model Output

The differences in the vertical TF' structure and temperature trend are clear in the horizontally averaged solutions.

Prior to merging the models, the 4 km Solution is adjusted to address the known biases: an overall

40.4°C bias and an initial —1°C bias in Baffin Bay. The +0.4°C bias is addressed by applying an
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absolute adjustment A; = —0.4°C at all depths and times in the solution. The initial Baffin Bay
bias is addressed by applying an additional, linearly-decreasing adjustment As(t) for the central

west and northwest sample areas i.e.

2012 —¢

)= — "
As(?) 2012 — 1992

°C (2.19)
With these adjustments, the adjusted thermal forcing for the 4 km Solution is

— T Fupm,s(t,d) + Ay if S ¢ {CW, NW}
TFskm,s(t,d) = (2.20)

TFyems(t,d) + A1+ Ao (t)  if S € {CW, NW}

Once the biases have been removed from the 4 km Solution, the LLC270 is adjusted so that the
depth-dependent mean difference from the 4 km Solution in the common 2001-2011 time period is

0. The depth-dependent adjustment B(d) is calculated as

B(d) = TFypm.s5(t,d) — TFpros(t, d) for all ¢ € (2001,2012),d > depth threshold  (2.21)

The depth threshold is 50 m to avoid spurious seasonal and interannual differences. An example

adjustment profile for the CW1 area is shown in Figure 2.10.

LLC270 Adjustment (B(d))

100}
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Figure 2.10: ECCO LLC270 Solution Adjustments Example

The adjustment profile added to the LLC270 solution to match the vertical structure of the 4 km solution.
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Table 2.5: CTD Availability in Model Sample Areas.

Sample Area NW1 NW2 NW3 NW4 NW5

# of CTDs 2 17 40 40 23
Sample Area. CW1 CW2

# of CTDs 51 59

Sample Area. SW1 SW2 SW3

# of CTDs 75 52 24

Sample Area  SE1  SE2 SE3 SE4 SE5 SE6
# of CTDs 71 6 76 19 44 245
Sample Area. CE1 CE2 CE3 CE4 CE5

# of CTDs 34 203 22 54 31
Sample Areaa. NE1 NE2 NE3 NE4

# of CTDs 7 2 15 23
Sample Area N1 N2 N3
# of CTDs 0 3 0

After both solutions have been adjusted, they are merged over the 2009-2012 time period:

T F g 5(t, d) if £ < 2009

TFs(t,d) = { TFrrcs(t:d) = TFapm,s(t, d)

20T~ 2009 (t —2009) + TFgpm.s(t,d)  if 2009 < ¢ < 2012

TFrres(t,d) if ¢ > 2012
(2.22)

Preference is given to the 4 km Solution because it has a higher resolution which permits eddy heat

transport onto the continental shelf.

After the solutions have been adjusted and merged, a final absolute adjustment is made to T'Fg(t, d)
so that the mean model error from CTD observations is 0. Most of the sample areas have at least

2 CTD observations in the time period 1992-2018, as outlined in Table 2.5.

For the set of thermal forcing observations Orpg in the sample area, the mean model error is
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Figure 2.11: ECCO Solution Merging Example: CW1

a) The adjusted solution from the 4 km model. b) The adjusted solution from the LLC270 model. ¢) The combination
of solutions merged over the 2009-2011 time period.
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calculated as

E =CTDrp(d) — TFs(t,d) for all d > 50m and all CT Dpp € Orrs (2.23)

The depths above 50 meters are omitted because the mixed layer is more variable than the monthly
time steps provided by the model. With this adjustment, the final merged and adjusted thermal

forcing is
TFg(t,d) = TFs(t,d) + Eg (2.24)

To test the differences from observations, the root mean square error o is calculated below 50 m.

a) | CTD Cllbservationsl (CTD. € @Iﬂ:,mm)
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Figure 2.12: Merged Model and CTD Comparison
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Thermal Forcing within Glacier Fjords

Methods The 4 km and LLC270 solutions used above are too coarse to resolve circulation and
heat transport within the glacier fjords, so an additional adjustment must be generated to modulate
the simulated thermal forcing on the shelf for use within the fjords. This adjustment is conducted
by applying an absolute shift to the thermal forcing profile to match the collection of CTDs which
are available within the fjord. If no CTDs are available, then the shelf solution is taken as-is. After
the fjord TF has been derived within the fjord, the T'F record is integrated over the geometry of

the glacier ice front to derive an average T'F value for use in the g,, parameterization.

Numerical Implementation First, the set of CTD thermal forcing profiles Orp ¢ within 20 km
of a glacier GG are collected and averaged in monthly bins. Then, similar to the mean error between
the merged model and CTDs on the shelf, the mean error between TF s(t,d) and the CTDs within

the fjord is calculated as

Ea = CTDTF(d> — ﬁs(t,d) for all d and all CT Dy € OTF,G (2.25)
for the glacier G. With this adjustment, the adjusted thermal forcing within the fjord is
TFq(t,d) = TFg(t,d) + &g (2.26)

and o as the root mean square error between T'Fg(t,d) and the CTDs in Orpg.

The numerical implementation for average thermal forcing is based on the results from Xu et al
2013 which found that the entrainment plume is in contact with the ice face for the deeper 60% of
the maximum ice front depth. Here, we average thermal forcing below this depth threshold in the
following steps:

Step 1: Obtain the ice front position F' and the maximum ice front depth Dj;.

Step 2: For the bathymetry/bed B(x,y), create a depth-averaged thermal forcing field defined as
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Figure 2.13: Fjord Thermal Forcing Example

Two adjacently-located glaciers will have similar fjord T'F profiles.
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follows:

TFq(t,d) for d € (0.4Dys, Dyy)  if B(x,y) > 0.4Dyy

TFq(t,z,y) = (2.27)

undefined otherwise

for all (z,y) in the bed domain. This field represents the average thermal forcing that the ice front
would be exposed to, if it occupies the location (x,y).
Step 3: Average the thermal forcing field points which are defined for locations of the ice front,

i.e.

TFq(t) =TFg(t,z,y) for (z,y) € F (2.28)

Figure 2.14 provides two examples of this calculation for Inngia Isbrse and Ummiammakku Isbrae

which are sourced by the CW1 waters.

Concluding Comments on Thermal Forcing

Although glaciers which terminate in adjacent fjords may have similar thermal forcing profiles
(TFg(t,d)), the averaged thermal forcing across the ice front may differ significantly if the glacier
geometry is different. For example, consider the two examples for Inngia Isbrae and Ummiammakku
Isbree shown in figure 2.14, which have very similar profiles. Although T'Frpngia = T Furmmiammakku,
TF 1nngia(tm) = 4.07°C while TF ymmiammakku(tm) = 4.73°C for ¢, = August 2002. This is largely
due to differences in the front depth: the front of Inngia has a maximum depth of 280 m while that
of Ummiammakku is 409 m i.e. Ummiammakku is exposed to a greater amount of the deep, warm

water than Inngia. Hence TFummiammakku(tm) > TF rngia(tm)-
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Figure 2.14: Integrated Thermal Forcing Example: Inngia Isbrae and Ummiammakku Isbrae
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2.4 Cumulative Mass Balance

Equation 2.1 represents the balance of fluxes at the glacier terminus region during a specific time.
Yet, to compare the relative magnitudes over several years, it is helpful to provide integrated values

over time which tend to smooth out spurious seasonal and inter-annual variability.

The synthesis section in Chapter 4 will provide a comparative assessment of total advection and
accumulation processes through time. For this analysis, the total integrated values of retreat, ice

velocity, ice front undercutting, and iceberg calving are observed through time, i.e.:

t1 t1
R := qrdt:/ qf —qm —ge dt :=F — M — C [m] (2.29)
t

to 0

where, if not otherwise noted, tg = 1992 and t; = 2018.

As mentioned in Section 1.4, one of the main hypotheses of this research is that ocean heat anoma-
lies in the past several decades has induced the retreat of Greenland’s glaciers. To calculate the

subsequent anomalies in ice front undercutting, a baseline undercutting rate is defined as
@t = () (2.30)

where the averaging is calculated over the 1992-1998 time period. This period is chosen as the
baseline because the majority of glaciers were stable during this time i.e. ice fronts remained
stationary and discharge rates were consistent through this period. In this equilibrium state, the
average melting during this time is assumed to balance calving processes and advection to keep the
ice front in a consistent position. With this baseline melt, the cumulative undercutting anomaly at

a time t is defined as

t
Manom(t) — / <Qm _ q:nef) dt (231)
1992

This value represents the additional ice which was melted by the ocean to induce a retreat of the

ice front.
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Chapter 3

Regional Assessments

The Greenland Ice Sheet can be split into 7 broad sectors: the northwest (NW), central west (CW),
southwest (SW), southeast (SE), central east (CE), northeast (NE) and northern (N) sectors. The
approximate longitudinal and latitudinal extents of the glacier terminus regions within these sectors
is outlined in Figure 3.1. The following sections break down each sector of the ice sheet into several
smaller regions, and discuss the recent evolution of the glaciers. Special focus is given to the role
of ocean thermal forcing and increased melt rates in modulating the position of glacier margins.
The sectors, regions, and glaciers are presented in counter-clockwise order around the continent
beginning with the far western branch of Savissuaq Gl. in Melville Bay, NW Greenland, and ending
with Harald Moltke Brae outside of Inglefeld Gulf. Summary statistics for each glacier are provided
in the Appendix, and the locations of Greenland towns and other landmarks described here are

shown in Figure 1.2.

Greenland glaciers are often referred to by names from a mix of Greenlandic, Danish, English
and other foreign languages. In this study, glaciers are indicated by the names which are most
common in the scientific literature. A comprehensive guide to these names is provided by Bjegrk
et al. [2015] although many glaciers have not been assigned a name. In such cases, glaciers are
identified according to the closest nearby glacier with identifiers based on their relative location

(e.g. “N” for north, "E” for east, etc). For example, in the CE, there is Kista Dan Glacier and
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Table 3.1: Overview of Greenland Ice Sheet Regions

Sector Mean Ice Tidewater Ice Sheet Areal Ice Loss
Discharge Glaciers Area Grounded Total
(Gt/yr)  (#) (10 km®)  (km?)  (km?)
NW 100 58 2.8 749 749
CW 79 19 2.4 200 288
SW 30 15 2.2 41 41
SE 154 49 1.7 336 336
CE 84 45 2.2 240 240
NE 32 12 4.3 336 859
N 22 28 2.6 558 1109
Total 498 226 18.1 2460 3622

The mean ice discharge estimates are from Mouginot et al. [2019] averaged over 1992-2018. The areal ice loss estimates
are from this study, and calculated over 1992-2019.

Kista Dan Glacier W, and in the SE there is Danell Glacier, Danell Glacier S, Danell Glacier SS,
and Danell Glacier SSS, which represent glaciers successively further south from the main branch
of Danell Glacier. Moreover, several names have historically been used for more than one glacier in
different areas of the ice sheet including Sermeq Avannarleq, Nordenskitld Glacier, Sermilik, and

Sermeq. Every effort has been made to distinguish these cases when appropriate.

3.1 Northwest Greenland

NW Greenland is the second-most productive region of the ice sheet with a mean discharge of
approximately ~100 Gt/yr between 1992-2018 [Mouginot et al., 2019]. The recent retreat of the 58
glaciers in this region represents the largest loss of grounded ice from the ice sheet margin between
1992 and 2018 (749 km? or 30% of grounded ice loss). Correspondingly, ice discharge increased
41% over the same time from 88 Gt/yr in 1992 to 124 Gt/yr in 2018 — the largest increase in
discharge from any sector. The NW can be spatially divided into 3 broad subregions: Melville Bay
(26 glaciers), the area surrounding the island and town of Kullorsuaq (16 glaciers), and the area
surrounding the archipelago and town of Upernavik (16 glaciers). The largest glacier in this region

is Kong Oscar which discharges an average 8.8 Gt /yr.

The northwest sector was surveyed extensively during the OMG campaign, providing two years
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of MBES-derived bathymetry and a complete mapping with airborne gravity. The inversion of
airborne gravity [An et al., 2019] and the mutibeam data has been incorporated into the latest
BedMachine product [Morlighem et al., 2017]. The OMG campaign has also provided hundreds
of CTDs along the northwest coast, providing an abundant constraint on ocean thermal forcing

records in the years since 2015.

The following results for the NW sector of Greenland have been previously published as part of
this research track in the journal Geophysical Research Letters in the year 2018. See Wood et al.

[2018].

3.1.1 Melville Bay

Melville Bay encompasses the northeast area of Baffin Bay comprising 26 glaciers. Glaciers in
this area are grouped according to a local source glacier, as several are not associated with official
names. The glaciers in this sector include 5 branches of Savissuaq Glacier, 3 branches of Helland
Glacier, Yngvar Nielsen Glacier and its western branch, Mohn Glacier, Carlos Glacier and its
western branch, Gade Glacier, Morell Glacier and its western branch, 3 branches of Dgcker Smith

Glacier, 3 branches of Rink Glacier, Issuusarsuit Sermia, and 3 branches of Kong Oscar Gl.

Glacier Evolution The glaciers in Melville Bay underwent substantial retreat between 1992-2019
totaling 252 km?, yet, in the majority of cases, ice margins remained stable until approximately the
year 2000 when widespread retreat initiated. The only glaciers which remained stable were Gade
and Issuusarsuit, which remain within 1 km of their pre-2000 position, and the northern branch
of Kong Oscar, which did not retreat until a large collapse of the ice front in 2010. The most
substantial retreat is observed at Dgcker Smith and Savissuaq, but nearly all glaciers in this region

underwent substantial retreat of several km.

The Role of Ocean Melt In Melville Bay, TF rose substantially after 1997 and correspondingly,
the melt rate increased significantly on the ice fronts of the glaciers within this region. The timing

of this increase in melt corresponded closely with the retreat of glacier ice margins. For the first
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several years of glacier retreat, the ice front records matched closely with cumulative anomalies
in ice front undercutting. As retreat continued, several glaciers retreated into deeper portions
of their bed, and retreat accelerated significantly. In particular, Savissuaqg WWWW, Savissuaq,
Morell, Docker Smith W, and Kong Oscar underwent rapid retreat associated with a change in
their fjord shape along the progression of ice front retreat. In these cases, the stress and strain
balance in the ice terminus region changes in response to the new glacier-fjord geometry, and retreat
ensued until the glacier front re-adjusted to a new, stable region of the bed. The retreat of these
glaciers subsequently subsided in new fjord locations upstream of their previous locations. For the
other glaciers in this region, the retreat history matches closely with the calculated undercutting
anomalies, indicating the retreat was largely controlled by undercutting directly, with little change
in the stress/strain relationship, and in turn, the calving rate. In total, for glaciers that showed a
response to enhanced melt, the total melt anomaly accounted for 67% of the magnitude of retreat

on average.

The only glaciers which did not show a distinguishable response to enhanced undercutting were
Gade and Issuusarsuit, which remained stable. For these glaciers, the presence of fjord constrictions
dampens the effect of undercutting on the terminus, and the ice front positions are inferred to be
controlled by calving processes instead of melt processes. The final glacier to note in this region is
the western branch of Helland which has a very shallow fjord — only 4 m deep — in the BedMachine
dataset. With this purported depth, the ice front would only be influenced by heat in its fjord
surface waters which was derived from the atmosphere, instead of the circulation of warm AW
around Greenland. However, this fjord was not surveyed in the OMG campaign (or any other
survey) and this geometry is likely inaccurate as the branch showed the same timing of retreat as

those adjacent to its terminus.

3.1.2 Kullorsuaq Area

The town of Kullorsuaq (74.58°N, 57.23°W), located south of Melville Bay, is positioned near 16
marine-terminating glaciers: Nordenskitld Glacier and its northern branch, Nansen Glacier and its

southern branch, Sverdrup Glacier, Dietrichson Glacier, Steenstrup Glacier, Kjer Glaciers and its
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northern branch, six branches of Hayes Glacier, and Alison Glacier.

Glacier Evolution The progression of retreat in the Kullorsuaq area is very similar to that of
the Melville Bay area discussed in the previous section — that is, glaciers in this region began to
retreat around the year 2000 after a long period of ice front stability. The only glaciers which
remained approximately stable were the northern branch of Nordenskitld and the southern branch
of Nansen. The largest changes observed were a 5 km retreat at Nordenskiold which detached
from two pinning points on local islands, a 6 km linear retreat at Sverdrup, and a 6 km retreat at
the southern branch of Hayes. These glaciers experienced the same triggering of retreat observed
at some glaciers in Melville Bay associated with changes in their fjord shape. At Kjer glacier,
retreat continued unabated from 1985 to present, and eventually led to the collapse of an ice bridge
between the main branch and the northern branch in 2016 for a total 8 km retreat at Kjer and a
6 km retreat at Kjer N. Finally, Alison Glacier on the southern end of Kullorsuaq experienced a
substantial 16 km retreat which was associated with the break-up of its floating ice extension that

began in 2004.

The Role of Ocean Melt As for the Melville Bay region, the glaciers near Kullorsuaq follow
a varied response to enhanced melt. At the northern branch of Nordenskiold, the increase in melt
was minimal, and the melt anomaly accumulated to approximately 1 km, matching well with the
retreat distance. The same progression was observed at the northern branch of Kjer (until the
break up of the ice bridge referenced above), and several branches of Hayes. In other cases, such as
Nordenskiold, Sverdrup, and Steenstrup, the retreat exceed the melt anomaly, which is consistent
with the glacier terminus retreating into deeper waters. It is impossible to determine the impact
of ocean melt on the retreat of Kjer because the baseline anomaly is taken to be in the 1992-1998
period — since Kjer was not stable during this time period, the anomaly would not reflect a deviation
in the environmental conditions from those which promote stability. At Alison, the break-up of the
ice tongue occurs at the same time that simulated melt increases, but the unique geometry of this
glaciers is likely misrepresented by the parameterization for ¢,,, which was derived for a vertical

ice face. This glacier, and others which previously maintained extensive floating section, will be
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discussed in depth in Section 4.2.2.

3.1.3 Upernavik Area

The town of Upernavik (72.78°N, 56.14°W) in NW Greenland is located near the mouth of the
Upernavik Isfjord. The 16 glaciers which terminate near this area include Illullip Sermia, Cornell
Glacier and its northern branch, Ussing Braeer and its northern branch, Qegertarsuup Sermia,
Kakivfaat Sermia, Nunatakassaap Sermia, three branches of Akullikassaap Sermia, and 5 branches

of Upernavik Isstrgm.

Glacier Evolution Glacier retreat has been variable in the Upernavik Area, ranging from sta-
bility at Nunatakassaap and Ussing Braeer to substantial retreat at Upernavik Isstrgm. Several
glaciers underwent small, step-wise retreat associated with the detachment of the ice front from
shallow protrusions near the grounding line. For example, [llullip Sermia, Ussing Bracer N, and Qe-
gertarsuup Sermia all experienced an approximately 1 km retreat through narrow overdeepenings
on their northern flank, but otherwise remained stable. Ussing Brager has maintained an approx-
imately constant position within the fjord constriction where it terminates. Kakivfaat Sermia is
relatively well protected behind a shallow sill on its southern flank, but in recent years, the ice
front has undergone rapid retreat. The most substantial changes are observed in the Upernavik
Isfjord where the previously-conjoined N and NW branches began a prolonged retreat beginning
around the year 2000. The retreat of the NW branch was gradual until the ice front restablized on
a shallower section of the fjord inland, and the northern branch underwent rapid retreat around
the year 2007. The retreat at the C branch was largely initiated around 2010 while the S branch

has seen only small changes in its ice front position in the last 25 years.

The Role of Ocean Melt The response of glaciers to ocean melt in the Upernavik area is
more subdued than their more northern counterparts, likely due to their location within long
fjords which tend to modulate the profile of thermal forcing toward a lower state as compared

to glaciers terminating closer to the open continental shelf. Still, evidence for a melt-dominated
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retreat is observed at the northern branch of Cornell and Akullikassaap which had retreats that
mirror anomalies in ice front undercutting. At the main branches of Cornell and Ussing Braeer,
undercutting anomalies far exceed the retreat distance, which is likely due to an overestimation of
melt associated with the geometry of their fjords: as these glacier terminate in fjord constrictions,
ice front undercutting does not likely remove grounded ice from the terminus region, but instead acts
on small floating sections that develop as ice is advected from upstream. Finally, at Upernavik, the
response of the glacier ice front matches well with the anomalies in undercutting until the glaciers
reach over-deepenings in locations upsteam of the ice front. These follow the same triggering

progression observed at similar glaciers further north in Baffin Bay.

3.2 Central West

Despite having only 19 glaciers, the central west sector of the ice sheet discharges a substantial 79
Gt/yr with approximately 46% from the prominent Jakobshavn Isbrae (JI) [Mouginot et al., 2019].
The break-up of JI's floating extention in 2003 [Podlech and Weidick, 2004] comprised a >100 km?
areal loss, contributing a total 171 km? by 2018 to the total 288 km? areal loss from the CW sector.
The loss of grounded ice in the CW led to a substantial acceleration in discharge, reaching 79 Gt /yr
in 2018 compared to 64 Gt/yr in 1992.

The central west glaciers are split between the Ummannaq Region (11 glaciers) and Disko Bay (8
glaciers), which are divided by the Nuussuaq Peninsula. The central west region is one of the most
completely surveyed sectors in Greenland due to its relatively easy access from several medium-
sized towns and harbors, and the early melting of its seasonally-formed sea ice layer. Bathymetry
measurements in this area are largely provided by OMG but other campaigns, including the Ph.D.
work of Nolwenn Chauché have contributed substantially to the maps in this area [Chauche, 2016].

CTDs are also available within the majority of fjords in this area.
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Figure 3.8: Map of Central West Greenland Glaciers

Overview of CW Greenland glaciers. Note that there are two glaciers named Sermeq Avannarleq — one which
terminates in the more southern Illulisat Isfjord and another which terminates in Torssukataq Fjord.
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3.2.1 Uummannaq Region

Near the town of Uummannaq (70.68°N, 52.13°W), the 11 glaciers include Inngia Isbrze, Ummi-
ammakku Isbrae, Rink Isbree, Kangerlussup Sermia, Kangerluarsuup Sermia, Perlerfiup Sermia,

Sermeq Silarleq, Kangilleq, Sermilik Isbrze, Lille Glacier, and Store Glacier.

Glacier Evolution From 1985 until the end of the 1990’s, the ice margins of Uummannaq glaciers
maintained approximately constant positions. The turn of the millennium brought widespread
changes to the glacier ice fronts, with a uniform retreat initiated at Inngia Isbrae (10 km), Ummi-
ammakku Isbree (4 km), Kangerluarsuup Sermia (1 km), Perlerfiup (3 km), Sermeq Silarleq (5 km),
and Lille Glacier (1.5 km). The retreats of Inngia Isbrae, Sermeq Silarleq, and Lille Glacier occurred
at a nearly constant rate while the other three experienced a step-wise retreat which restabilized
at inland fjord constrictions. The impact of fjord geometry on inland retreat has previously been
emphasized for these glaciers by Felikson et al. [2017]. While these 6 glaciers have retreated, the
other 5 adjacently-located glaciers have maintained approximately constant front positions over the

same time period.

The Role of Ocean Melt Ice front undercutting rates cover a wide range from an average of
0.41 m/d at Kangerluarsuup Sermia to 1.58 m/d at Rink Isbree. Variations in undercutting largely
account for inter-glacier variations in retreat experienced following increased thermal forcing. At
Inngia Isbrae, ¢, increased from 0.8 m/d 1992-1997 to nearly 1.2 m/d 1999-2003, yielding a positive
gaem which was sufficient to trigger a retreat that continued through 2019. The decline in fjord
depth with retreat reduced g, back to 0.8 m/d as a smaller portion of the ice front was in contact
with deep, warm, AW. This style of retreat differs from that of Kangerluarsuup which was controlled

anom
m .

completely by undercutting where R =~ ¢

At Sermilik, the stable ice front is well-explained by variations in TF and ¢,,: the glacier terminus
rests in shallow water (<100 m) and the ice front is in contact with colder surface waters which
did not experience the same increase in T'F as the deeper glaciers. The other three glaciers in

Uummannaq — Rink Isbrae, Kangerlussuup Sermia, and Store Glacier — did experience substantial
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Figure 3.9: Uummannaq Region Glacier Results

Summary of the ice front retreat (¢-), cumulative melt anomaly (gp'°™), and ice velocity (qs) for 8 glaciers in

Uummannaq Bay.
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melt increases but did not experience ice front retreat. The contrasting stability of these glaciers is
explained by their fjord geometry and ablation mechanisms: all three terminate in fjord constric-
tions and have documented calving via large tabular ice bergs [e.g. Medrzycka et al. [2016]]. In

effect, these glaciers are calving dominated.

3.2.2 Disko Bay

There are 8 glaciers which terminate in Disko Bay: Sermeq Avannarleq, Sermeq Kujalleq, Kangiler-
nata Sermia, and Eqip Sermia in or around Torssukataq fjord, and Sermeq Avannarleq, Jakobshavn

Isbrze, Alangorliup, and Saqqarliup in Hlullisat Isfjord.

Glacier Evolution Ice front retreat has been minimal in Torssukataq fjord with a short-lived
1 km retreat observed at Sermeq Kujalleq in 1997-2998 and little change observed at Sermeq
Avannarleq. In fact, the ice front of Sermeq Avannarleq has been stable for more than a century
[An et al., 2018]. At the adjacent Kangilernata Sermia and Eqip Sermia, ice front retreat is observed

to start around the year 2000, and continued to 2015.

In Illullisat Isfjord, the retreat of Jakobshavn Isbree associated with the break-up of its floating
ice extension is well-documented (e.g. [Holland et al., 2008, Podlech and Weidick, 2004]), but the
other three peripheral glaciers in the area have also undergoing ice front retreat: Sermeq Avannarleq
began a 3 km retreat around the year 2000 while Alangorliup Sermia and Saqqarliup Sermia have

reatreated by 0.5 km and 1 km, respectively, over the same time period.

The Role of Ocean Melt Similar to the changes observed in Uummannaq, Disko Bay warmed
by more than 2°C between 1992-1997 and the 1997-2008 periods. The mean undercutting rates
range from 0.39 m/d at the shallow Sermeq Avannarleq terminating in Illullisat Isjord to 1.01 m/d
at Eqip Sermia. At Kangilernata and Saqqarliup, melt anomalies are observed to control glacier
retreat, with the magnitude of the melt anomaly approximately equivalent to the retreat distance.
The parameterized melt at Jakobshavn Isbrae yields an estimated mean undercutting rate of 1.92

m/d, and a peak around 5 m/d but this rate may likely be estimated poorly due to the presence
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Figure 3.10: Disko Bay Region Glacier Results

Summary of the ice front retreat (g,), cumulative melt anomaly (gp,'°™), and ice velocity (qs) for 4 glaciers in Disko

Bay.
of a floating extension and unique fjord geometry. In fact, Khazendar et al. [2019] estimate peak

melt rates which are twofold higher than these estimates.

3.3 Southwest Greenland

The southwest sector of the ice sheet has the fewest number of marine-terminating glaciers (15)
and accordingly, constitutes the second-lowest lowest flux (30 Gt/yr or 6%) from the ice sheet. The
SW sector has seen the smallest ice area loss with only 41 km? of retreat between 1992 and 2019.
More than half of this area loss is observed at Narsap Sermia which retreated by 21 km?, or 5 km
on average. By flux, the most significant glacier in the region is Ukaasorsuaq which discharged an
average 6.1 Gt/yr between 1992 and 2018 [Mouginot et al., 2019], equivalent to 20% of the sector
total. In all, the glaciers terminating in this sector can be divided into three broad regions: 3
glaciers which terminate in Godthabsfjord near the capital city of Nuuk, 5 glaciers which terminate

near the town of Paamiut, and 7 glaciers which terminate near the town of Narsarsuaq.

Despite being surveyed nearly every year, brash ice conditions have prevented the measurement of

bathymetry near the terminus of any glacier in SW Greenland, although the majority of Godthabsfjord
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has been surveyed. CTDs are abundantly available from annual cruises conducted by the Danish
Meteorological Institute on the continental shelf and within Godthabsfjord, although measurements

near the glacier terminus positions are non-existent.

3.3.1 Godthabsfjord

Due to its proximity to the capital city of Nuuk (64.18°N, 51.69°W), Godthabsfjord represents one
of the best-studied areas in all of Greenland. Yet, while oceanographic measurements are abundant
within the fjord, thick brash ice has prevented direct measurements of the bathymetry near the
terminus regions. The three glaciers in this region include Narsap Sermia, Akullersuup Sermia, and

Kangiata Nunaata.

Glacier Evolution Prior to the late 1990’s, glacier ice margins were approximately constant in
this region. Kangiata Nunaata has routinely grown an approximately 2 km floating extension in
the winter time which subsequently breaks up during the summer months [Motyka et al., 2017].
Near the turn of the century, the ice margin of Kangiata Nunaata began to retreat, sustaining a
2 km retreat between 2000 and 2010. During this time, the ice fronts of the neighboring glaciers
remained approximately constant. After 2010, as Kangiata Nunaata began to restabilize, the ice
front of Narsap Sermia began a 5 km retreat from a moraine where it had terminated since the Little
Ice Age [Motyka et al., 2017]. The ice front of Akullersuup Serma has remained in approximately

the same condition since 1985.

The Role of Ocean Melt As observations within Godthabsfjord are abundant since 2006, it
is possible to assess the history of ocean state within the fjords directly from observations. This
fjord is known to have two main sources of heat: one from the west Greenland current and one
internal to the fjord [Mortensen et al., 2011]. Observations since 2006 show a warming trend within
the fjord occurring around 2010, around the same time Narsap Sermia underwent a 4 km retreat.
The undercutting rates at these three glaciers are similar at 0.8 m/d on average, but the shallow

bathymetry of Akullersuup (< 50 m) did not allow for a substantial increase in melt. On the other
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Figure 3.11: Map of Southwest Greenland Glaciers

Overview of CE Greenland glaciers. Note that Eqalorutsit Killiit encompasses two branches - the main branch and
the eastern or “E” branch.
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hand, melt increased nearly two fold on Narsap Sermia and Kangiata Nunaata, coincident with the

retreat of their ice fronts. At both of these glaciers, the retreat distance of the front exceeds the

cumulative melt anomaly by 1-2 km, indicating enhanced calving processes associated with retreat

contribute substantially to their retreat.
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Figure 3.12: SW Region Glacier Results

southwest Greenland.

3.3.2 Paamiut Region

Summary of the ice front retreat (g.), cumulative melt anomaly (g™

), and ice velocity (gy) for 7 glaciers in

Near the town of Paamiut (61.99°N, 49.67°W), there are 5 marine-terminating glaciers: Nakkaa-

sorsuaq, Avannarleq Bree, Nigerlikasik, Ukaasorsuaq, and Sermiligaarsuup Bree.
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Godthabsfjord to its north, the glaciers in this region have been poorly surveyed — only Ukaasor-
suaq and Avannarleq Bree have ice fronts which, in the BedMachine dataset, terminate in fjords
deeper than 50 m mean water depth. For the other three glaciers, the mean water depth is below

5 m.

Glacier Evolution The five glaciers in this region underwent only small perturbations in their
front position: the largest retreat was 1.09 km at Nigerlikasik which occurred between 2000 and

2010 while the ice front positions at other glaciers remained within 500 m between 1992 and present.

Role of Ocean Melt Due to the shallow bathymetry and lack of oceanogrpahic measurements
in this region, it is only feasible to assess the retreat of Ukaasorsuaq and Avannarleq Bree in the
context of oceanic change. Both glaciers in this region are relatively shallow — 91 m and 57 m
mean depth, respectively — and are largely in contact with near-surface waters influenced heavily
by seasonal air-sea heat exchange. Neither glacier shows a substantial melt anomaly and the ice

fronts of these two glaciers are accordingly stable.

3.3.3 Narsarsuaq Region

Near the town of Narsarsuaq (61.16°N, 45.43°W) on the southern shores of Greenland, there are
4 large marine-terminating glaciers — Eqalorutsit Killiit Sermia and its eastern branch, Eqalorutsit
Kangilliit Semia, and Qooqqup Sermia — along with 3 smaller glaciers including Sermilik Breae, Naa-
jat Sermia, and Sermeq. Bathymetry measurements are not available at at majority of these glaciers
but inverted gravity fields are provided at inland locations for Eqalorutsit Killiit and Eqalorutsit

Kangilliit [Millan et al., 2018] providing some constraint on the shape of the bed near the terminus..

Glacier Evolution The glaciers around Narsarsuaq have shown a varied evolution since 1992
with Eqalorutsit Kangillit Sermia remaining stable while the adjacent glaciers retreated. The largest
retreats are observed at Sermilik Brae (4.9 km) and Eqalorutsit Killiit Sermia (3.1 km). Sermilik

underwent a near continuous retreat between 1992 and 2011, while Naajat retreated 1 km in a
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step-wise fashion between 2000 and 2005. The main branch of Eqalorutsit Killiit mirrored the step
wise retreat of Naajat, losing 3 km of its terminus between 2000 and 2005, while the eastern branch
of Eqalorutsit Killiit experienced the most substantial component of its retreat (1.5 km of 2.5 km
in total) between 2010 and 2014. In contrast to the other glaciers near Narsarsuaq, Eqalorutsit
Kangillit has maintained a constant front position since 1992. Finally, Qooqqup retreated 1 km
between 1995 and 2005 before stabilizing at an inland location, and Sermeq has undergone a slow

but continuous retreat since 2000, totaling approximately 1 km of ice loss.

The Role of Ocean Melt Due to sparsely surveyed bathymetry in the region and a lack of CTD
measurements, it is difficult to ascertain the role of ocean melt in driving the retreat of glaciers
in this region. The ice front depths at Sermilik, Naajat, and Sermeq all terminate in waters less
than 2 m in depth on average in the BedMachine dataset. At Eqalorusit Kangillit, the ice front
terminates in deep (~ 400 m) water which would be in contact with the warm AW later at depth.
Accordingly, the estimate of melt anomalies suggest this glacier should have retreated. However,
the BedMachine dataset reveals a shallow sill present in the outer-fjord area. Measurements in this
region of the fjord are necessary to verify the presence of this sill, but if it indeed exists, it would
be sufficient to block the access of warm water to the glacier and help support the stability of the
ice front. At Qooqqup, the retreat of the ice front follows a progression from shallow (< 100 m)
water to deep water (> 300 m) which yields a greater contact with warm waters in the interior
of the fjord. However, the deep section of the fjord is deduced from mass conservation while the
exterior of the fjord is interpolated. Thus, the increase in melt from 1 m/d on average to 3 m/d
likely does not reflect the change in melt on the glacier. There is an increase in T'F associated with

the retreat timing, but it is impossible to discern the impact of melt on the retreat of this ice front.

3.4 Southeast Greenland

SE Greenland, with a mean discharge of 154 Gt/yr between 1992 and 2018, discharges more ice than
any other region on the ice sheet despite only making up 9.4% of the ice sheet by area [Mouginot

et al., 2019]. The glaciers in this region underwent substantial retreat between 2000 and 2006
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[Howat et al., 2008] with several continuing to retreat to the present day [Bunce et al., 2018]. In
total, the retreat of SE glaciers accounted for the loss of 336 km? of grounded ice between 1992
and 2019 (14% of grounded ice loss). Over this same time, ice discharge increased 30 Gt/yr (or
18%) over the same time with the majority of ice acceleration occuring between 2000 and 2005
in the regime of fast grounded ice loss. The SE can be spatially divided into 4 broad subregions:
the southern and northern area of the Kong Christian IV Coast (21 and 13 glaciers, respectively),
Kgge Bay and Ikertivaq Bay (10 glaciers), and the well-studied Sermilik fjord (5 glaciers). The most
significant glaciers in this region by flux are Helheim Glacier and the central branch of Kgge Bugt
with ice discharges of 28 Gt/yr and 19 Gt/yr, respectively — two of the most productive glaciers in
Greenland. The sector also contains Midgard Glacier which underwent one of the most significant

retreats of any glacier on the Greenland Ice Sheet.

This region was surveyed extensively during the OMG campaign, providing bathymetric measure-
ments and CTDs in very close proximity to the glacier calving fronts. Most fjords have near-
complete measurements from the fjord mouth to the glacier terminus, with notable exception
including Gyldenlgve Fjord and A.P. Bernstorff Fjord. In addition, gravity measurements are

provided near the terminus regions of several glaciers, as detailed inMillan et al. [2018].

3.4.1 Southern King Christian IV Coast

The southern section of the King Christian IV coastline contains several regions that encompass 21
different glaciers. From south to north, there are 4 branches of Danell Glacier, Kangerluluk Glacier,
two branches of Herluf Trolle Glacier, two branches of Anorituup Kangerlua Glacier, four branches
of Napasorsuaq Glacier, 3 branches of Puisortoq Glacier, and 5 branches of Mogens Heinesen

Glacier.

Glacier Evolution In the southern section of the King Christian IV coastline, the reconstructed
glacier front history reveals little change before the year 2000, widespread retreat between 2000
and 2008, and a varied evolution thereafter with some glaciers continuing to retreat while others

restabilized in upstream fjord constictions. For the Danell Glaciers, the two middle branches (S
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Figure 3.13: Map of Southeast Greenland Glaciers

Overview of SE Greenland glaciers. Numbers in parenthesis represent the number of glaciers encompassed by the
name indicated. Names without numbers provided refer to a single glacier.
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and SS) which terminate in the same fjord retreated most substantially at 1.5 km each. The most
southern branch (SSS) retreated a minimal 0.5 km while the main Danell Glacier has maintained
an approximately constant front position despite a brief retreat and re-advance between 2000 and
2008. Kangerluluk Glacier retreated substantially with a 2 km retreat 1997 - 2005, an abrupt 6 km
retreat in 2005 through a wider portion of the fjord, and a subsequent 2 km retreat between 2006
and 2011 before the ice front re-stabilized in a narrow upstream location. The S and N branches
of Herluf Trolle Glacier retreated by 2.5 km and 1 km respectively, with each showing a step-wise
retreat beginning around 2000 and ending around 2005. The S branch of Anorituup Kangerlua
shows a similar 1 km retreat in a step-wise fashion, while the N branch has experienced continued
retreat totaling 5 km despite a brief re-advance between 2005 and 2015. The Napasorsuaq glaciers
experienced similar trends, with the SS and N branches experiencing a step-wise retreat (1 km and
1.5 respectively), the S branch continuing a 2.5 km retreat, and the C branch remaining stable
over the past 30 years. The Puisortoq glaciers have retreated continuously since the year 2000
after a period of stability over at least 15 years. The majority of the Mogens Heinesen glaciers
have experienced substantial retreat of 4-8 km, with only the small SS branch experiencing relative

stability.

The Role of Ocean Melt At Danell Glacier SSS and SS, the BedMachine dataset reveals a fjord
which remains deep until the glacier terminus where it rises above sea level immediately upstream
of the glacier front. In this fjord geometry, enhanced undercutting associated with increased tem-
perature of deep AW within their fjords would not play a significant role in causing the glaciers to
retreat, and accordingly, the retreats have been small and the parameterized melt is vastly overes-
timated. In other words, the evolution observed at these glaciers is largely dominated by calving
processes associated with their flow off of shallow plateaus into the ocean. At Danell S, the depth
of the fjord remains consistent with a mean water depth 100-200 m below sea level, and ice front
undercutting is observed to play a dominant role in the retreat of the ice front: the cumulative
undercutting anomaly at this glacier is consistent with the 1.5 km retreat which ensued following
an increase in melt around the year 2000. At Danell Glacier, on the other hand, melt anomalies do

not accrue over the entire time period, and the ice front is observed to remain stable.
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Figure 3.14: Southern King Christian VI Coast Glacier Results: Part 1

Summary of the ice front retreat (¢-), cumulative melt anomaly (gp'°™), and ice velocity (qs) for 6 glaciers in

southwest Greenland.
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Figure 3.15: Southern King Christian VI Coast Glacier Results: Part 2

Summary of the ice front retreat (¢-), cumulative melt anomaly (gp'°™), and ice velocity (qs) for 6 glaciers in

southwest Greenland. Note that the velocity scale bar for Mogens Heinesen S is greater than for the other examples.
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In the continuously-deep fjord where Herluf Trolle S terminates, increased T'F' after 1997 led to an
increase in ¢, from 1.5 m/d to 2 m/d, at the same time that the ice front began to retreat. The
total retreat distance for this glacier is within the bounds of uncertainty for M**°™  indicating that
the retreat of this glacier is largely dominated by melt processes. While T'F' at Herluf Trolle N is
similar to its southern counterpart, the bed elevation upstream of the calving front quickly becomes
shallow. Thus, the increase in T'F' after 1997 initial raises melt to induce a retreat, but the ice front
quickly re-stabilized in an upstream constriction on a shallow bed, and calving processes are the
substantial form of ablation in this region of the fjord. At Anorituup Kangerlua S, the progression

of melt anomalies is consistent with the progression of retreat.

3.4.2 Northern King Christian IV Coast

There are 13 glaciers in the northern section of the King Christian IV coastline including Tingmi-
armiut Glacier, Heimdal Glacier, Rimfaxe Glacier, Skinfaxe Glacier, Thrym Glacier, Mzlkevejen
Glacier, A.P. Bernstorff Glacier, Fimbul Glacier, two branches of Gyldenlgve Glacier, two branches

of Graulv Glacier, and Puisertoq Glacier.

Glacier Evolution In the northern section of the King Christian VI coastline, the majority
of glaciers began multi-kilometer retreats initiated around the year 2000, while others have re-
mained stable. For example, Tingmiarmut underwent a 4 km retreat between 2000 and 2019 with
substantial inter-annual oscillations in its front position. Yet, the three glaciers to the north of
Tingmiarmiut — Heimdal, Rimfaxe, and Skinfaxe — have remained approximately stable during this
same time period. The glaciers in Bernstorff fjord — Melkevejen, A.P. Berstorff, and Fimbul —
have undergone substantial retreat which were initiated at the end of the 1990’s. The retreats of
Meelkevejen (6 km) and Fimbul (4 km) have been nearly continuous until 2019 while A.P. Berstorff
underwent a step-wise retreat, restabilizing in 2005. The glacier evolution in Gyldenlgve fjord is
similar with ice front retreat starting at the turn of the millennium. Gyldenlgve S began a slow, 1
km retreat between 2000 and 2010, and then retreated 2 km between 2010 and 2012 before stabi-

lizing in an upstream position. Gyldenlgve N, on the other hand, has retreated nearly continuously
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since 2000, with a total retreat distance of 2 km. The main branch of Graulv underwent an abrupt
1.5 km retreat between 2002 and 2004 while the eastern branch had only a 0.5 km retreat over the
same time. Finally, Puisertoq began retreating in 1997 and has continued this retreat until present

day.

The Role of Ocean Melt For the 13 glaciers in this region of the southeastern coastline, there is
clear evidence for ocean-induced retreat at 7 glaciers. For Tingmiarmiut, Gyldenlove N, Puisertoq,
and Graulv, the cumulative melt anomaly matches closely with both the magnitude and timing of
glacier retreat, indicating that increased undercutting is the primary driver of the multi-kilometer
retreats observed at these ice fronts. For the other 3 glaciers — Maelkevejen, A.P. Bernstorff, and
Gyldenlove S — melt anomalies increased at the time the glacier began to advance but the cumulative
anomaly is smaller than the total retreat, reflecting a triggering of retreat. In these cases, the rate
of iceberg calving increased as the ice front retreated into a different bed geometry regime. For
Maelkevejen and A.P. Bernstorff, ice velocity more than doubled once retreat was initiated while
Gyldenlove S maintained consistent flow speeds. The three stable glaciers — Heimdal, Rimfaxe,
and Skinfaxe — are positioned on clearly defined glacial sills. As mentioned for glaciers in the
previous sections, these sills maintain stability by naturally undercutting the glacier terminus as
it advances, causing calving with little influence from enhanced ocean melt. Hence, these glaciers
represent additional cases where the ocean has played a negligible role over the past several decades.
Finally, for the eastern branch of Graulv, Fimbul, and Thrym, the currently available data for fjord
geometry indicates extremely shallow bathymetry in the vicinity of their ice fronts. For these cases,

it is impossible to conclude on the ocean’s role in modulating their ice front positions.

3.4.3 Kdge Bugt and Ikertivaq

Between the King Christian IV Coast and Sermilik Fjord, there are two large bays where several

glaciers terminate: Kgge Bugt and Ikertivaq, each with 5 separate glaciers.
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Figure 3.16: Northern King Christian VI Coast Glacier Results

Summary of the ice front retreat (¢-), cumulative melt anomaly (gp'°™), and ice velocity (qs) for 6 glaciers in

southwest Greenland.
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Glacier Evolution Kgge Bugt SSS and SS terminate on the outer periphery of Kgge Bugt,
separate from the main center of the fjord. On this periphery, the SSS branch remained stable
since 1985, while the SS branch underwent a step-wise, 1 km retreat between 2000 and 2005.
Similar small changes are seen in the main interior the the bay, with Kgge Bugt S, C, and N
undergoing retreats of 0.5 km, 1 km, and 1 km, respectively. The glacier evolution in Ikertivaq
bay follows a nearly identical progression, with small retreats observed to initiate around the year
2000. The southern branch underwent a step-wise, 1 km retreat between 2003 and 2007, while the
1.5 km, 1 km, 4 km, and 2 km retreats of the M, N, NN, and NNN branches have taken place

approximately continuously since their start around the year 2000.

The Role of Ocean Melt Consistent with the trends in melt rates for other areas in the
southeast, ice front undercutting increased in the Kgge and Ikertivaq Bays at the end of the 1990’s.
Despite the relatively high discharge rates from this collection of 10 glaciers, the small increases
in melt have had a clear impact on retreat of calving margins. In Kgge Bugt, the cumulative
melt anomalies match well with the retreat progression at the C and N branches, with magnitudes
equivalent to the 1 km retreats observed since the year 2000. The S branch within this bay, on the
other hand, flows from a relatively shallow bed into the deeper bay i.e. the glacier terminates on a
steep prograde slope. Similar to the geometry of glaciers with shallow sills, Kgge Bugt S naturally
forms small floating extensions which calve off from the face, naturally undercutting the ice front.
In this geometry, increases in ocean melt do not play a substantial role in retreating the ice front
margin. The SS and SSS branches both terminate in unsurveyed waters which are less than a 5

meters below sea level in the BedMachine dataset.

The situation is similar in Ikertivaq Bay - the S, M, N and NNN branches are well-explained by the
progression of melt where the retreat distance is approximately equivalent to that of the cumulative
melt anomaly. In contrast to these glaciers where melt has controlled the retreat of the ice fronts
over a few kilometers, the front of Ikertivaq NN was experienced a triggered retreat where, after an

increase in melt, calving rates increased and the total retreat distance exceeded that of melt alone.
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Figure 3.17: Koge Bugt, Ikertivaq, and Sermilik Fjord Glacier Results

Summary of the ice front retreat (g,), cumulative melt anomaly (gm'°™), and ice velocity (gy) for 6 glaciers in

southwest Greenland.
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3.4.4 Sermilik Fjord

Sermilik fjord is one of the best studied fjords on the east coast of Greenland. There are 5 glaciers
which terminate here including Heim Glacier and its southern branch, Helheim Glacier, Fenris

Glacier, and Midgard Glacier.

Glacier Evolution Heim Glacier is the smallest glacier in Sermilik and terminates in two
branches near the mouth of the fjord. Ice front change has been relatively small at these two
glaciers, with variations in the front position totaling no more than 0.5 km over the past 30 years.
This glacier behavior contrasts greatly with the three large glaciers upstream where large changes
have been observed. At Helheim, the ice front position underwent only small seasonal and inter-
annual perturbations until 2002 when a large retreat event occurred, retreating the calving front a
maximum of 8 km from its previous position. The front rebounded nearly 4 km in the subsequent
two years, before undergoing a continued retreat that has lasted until 2019. Fenris Glacier has seen
a similar evolution with an initial 2 km retreat between 1998 and 2005, a small re-advance after
2005, and a continued retreat thereafter, totaling 4 km of ice loss by 2019. Finally, Midgard has
retreated 15 km since 1985 with the majority of retreat occurring between 2002 and 2011. The ice
front has retreat far enough inland to reach a dividing rocky outcrop, which has recently split the

terminus into two separate calving fronts.

The Role of Ocean Melt The two branches of Heim Glacier have a similar geometry in which the
glaciers flows from an above-sea level position into the fjord. Similar to other glacier further south
(e.g. Koge Bugt S), these glaciers are naturally undercut, and their front position is dominated
by calving processes rather than those which are related to ocean melt. At Helheim Glacier, the
substantial 8 km retreat event observed around 2002 was preceded by an increase in melt. Hence,
the retreat at Helheim was initiated by warmer ocean conditions but the large retreat distance
relative to the cumulative melt anomaly indicates that calving processes also played an important
role in the total retreat of Helheim’s ice front. At the nearby Fenris glacier, a similar but smaller

progression of retreat is observed to start along with the increased melt anomaly. However, the

80



large uncertainties in the bed shape near the terminus (due to a lack of bathymetric measurements)
leads to large uncertainties in the quantification of the melt rate at this glacier. Last but not least,
the ongoing retreat of Midgard is observed to be most substantial when fjord conditions triggered
retreat at other glaciers in the region, but uncertainties in the bed shape prevent a full quantification
of the ocean’s impact on the retreat. While the glacier is observed to be in contact with the ocean in
successive satellite images, the latest bathymetric dataset indicates extremely shallow bathymetry
of less than a few meters at some points during the glacier’s retreat. Because of the extreme retreat
of Midgard’s ice front, this fjord represent a key area where more bathymetry mapping should be

focused.

3.5 Central East Greenland

The central east sector of the ice sheet discharged an average 84 Gt/yr through 45 tidewater
glaciers between 1992 and 2018. Over this same time, the CE lost an approximate 240 km? or
nearly 10% of the total loss from the ice sheet as a whole. The most significant glacier in the region

is Kangerlussuaq Glacier which discharges 25.3 Gt/yr or about 30% of the ice from the CE sector.

There are 3 distinct regions of this sector including the coastline between Sermilik Fjord and
Kangerlussuaq Fjord (15 gaciers), the outer arc on the Geikie Plateau (16 glaciers), and Scoresby
Sound (13 glaciers). The southern portion (below Kong Christian IV Glacier) of this coastline
was surveyed during the OMG campaign. CTDs are available for all glaciers except the northern

branch of Laube and the southern branch of Deception @.

3.5.1 Sermiligaaq Fjord to Kangerlussuaq Fjord

To the best of my knowledge, there is no specific name designated for the region between Sermiligaaq
Fjord and Kangerlussuaq Fjord. From south to north, the glaciers along this region of coastline
include Kaarale Glacier, Knud Rasmussen Glacier and its western branch, K.I.V. Steenstrup Nordre

Brze, Laube Glaciers and its northern and southern branches, Kruuse Glacier, Uunartit Glacier,
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Figure 3.18: Map of Central East Greenland Glaciers

Overview of CE Greenland glaciers. Numbers in parenthesis represent the number of glaciers encompassed by the
name indicated. Names without numbers provided refer to a single glacier.
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two branches of Deception @ Glacier, Sondre Parallel Glacier, Polaric Glacier and its southern
branch, and Kangerlussuaq Glacier.
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Figure 3.19: Sermiligaaq to Kangerlussuaq Fjord Glacier Results

Summary of the ice front retreat (g-), cumulative melt anomaly (gn'°™), and ice velocity (qf) for 6 glaciers in

southwest Greenland.

Glacier Evolution In Sermiligaaq Fjord, Kaarale has retreated approximately 2 km since 1985,
with a near-continuous retreat rate over this time period. The western branch of Knud Rasmussen,
in the same fjord, has been stable for the past 30 years, while the main branch of Knud Rasmussen
underwent a 1 km retreat which started around 2005. North of Sermiligaaq Fjord, K.I.V. Steen-
strup maintained a stable from position on a narrow sill from 1985 to 2016 when an abrupt 2 km

retreat ensued over the past 2 years. At Laube Glacier S, the ice front retreated 1.5 km between
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2000 and 2010, with large seasonal variations taking place thereafter. Laube Glacier has steadily
retreated a total of 2 km, which started in 1997 while Laube Glacier N has been in a stable position
since 1985. At Kruuse Glacier between 1985 and 1997, the ice front underwent large seasonal fluc-
tuations possibly associated with the extension of a 1-2 km floating portion of the glacier, but these
oscillations subsided as the glacier retreated 1997-2000 over a total distance of approximately 2
km. A similar progression is observed at Uunartit Glacier with ice front oscillations prior to retreat
which initiated around 1997. The retreat of Uunartit was nearly 4-fold that of Kruuse, however,
reaching an inland location approximately 8 km upstream. Deception @ has two branches which
are partitioned around a large nunatak, with both branches showing a similar retreat trend that
started around 1995 and progressed until 2005. The northern branch retreated approximately 1.5
km while the southern branch retreated by nearly 6 km. At Polaric glacier, the majority of change
is observed on the southern branch which retreated 2 km 2000-2019, while the main, wide branch
has remained in approximately the same position. Within Kangerlussuaq Fjord, the fast-flowing
Kangerlussuaq Glacier has undergone large changes since an initial 6 km retreat that occurred in
2006, triggering a near-doubling of ice advection from 10 m/d to 20 m/d. Since this initial retreat,
the ice front has seen substantial seasonal and inter-annual fluctuations, contributing to a total 8

km retreat by 2019.

The Role of Ocean Melt In Sermiligaaq Fjord, the main branch of Knud Rasmussen has
experience a retreat which mirrors the cumulative melt anomaly of its terminus, indicating that
this glacier is largely controlled by changes in ocean conditions. The western branch of this glacier,
on the other hand, terminates in a very shallow region of the fjord which leaves it impervious
to changes in oceanic conditions at depth. Accordingly, the western branch of Knud Rasmussen
has been quite stable over the past several decades. This stability is in direct contrast to the
evolution at Kaarale which has experience ongoing retreat over the past several decades. This
retreat progression is concurrent with cumulative melt anomalies but, as for glaciers like Kjer in
the northwest sector, the baseline melt used to define the melt anomaly is likely not representative

of that which would maintain stability at the ice front.

Further north, the stability of K.I.V. Steenstrup until recent years despite warming ocean condi-
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tions near its terminus is explained by a prominent moraine/sill that has developed at its terminus
location, yielding another case where iceberg calving rather than ocean melt dominates its pro-
gression of retreat. At Laube glacier, the retreat of the southern branch shows a high influence
of ocean melt while the other two branches that show differing behavior both terminate in fjords
which are less than 5 meters below sea level. North of Laube, both Kruuse and Uunartit have
experienced several kilometers of retreat yet there is little change in melt over this time. However,
large uncertainties persist in the melt rates due to a lack of bathymetric measurements in their ice-
choked fjords. The timing of their terminus retreat in comparison to oceanic warming in the area
is highly suggestive of an oceanic influence, but data constraints limit the ability to quantitatively
assess this effect. For the two branches of Deception (), only the northern branch shows a retreat
which coincides with an increase in melt while the southern branch has remained relatively stable.
It should be noted, however, that neither of these two glaciers have been sufficiently mapped, and
there are large uncertainties in our knowledge of bathymetry near their termini. For Polaric, the
stability of the northern branch is similar to that of K.I.V. Steenstrup where a large submarine sill
promotes stability via protection from oceanic changes at depth. The southern branch of Polaric,
which lacks the same prominent sill structure, has conversely retreated although this retreat may
not be from subsurface warming as the fjord is only a few 10’s of meters below sea level — too

shallow to be affected by Atlantic Water on the shelf.

Finally, at Kangerlussuaq Glacier, there is significant evidence that ocean warming has influenced
the stability of the terminus. As ocean temperatures at depth increased near the end of the 1990’s,
the cumulative melt anomaly increased sufficiently to dislodge the glacier from its equilibrium
position and induced a destabilization of the ice front. Subsequently, calving processes increased
and the glacier retreated substantially with further increases in melt. It should be noted that the
retreat of Kangerlussuaq has been previously been connected to warmer waters within the fjord
by Christoffersen et al. [2011] using a different ocean model than that employed here, providing

corroborating evidence for the ocean-induced retreat of this important glacier.
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3.5.2 Geikie Plateau

The Geikie Plateau is a fin-shaped region between Kangerlussuaq Fjord and Scoresby Sound. There
are several glaciers on the plateau which discharge ice from the main ice sheet including Nordfjord
Glacier, Styrte Glacier, Courtauld Glacier, Frederiksborg Glacier, Sorgenfri Glacier, Kong Christian
IV Glacier, Rosenborg Glacier, Kronborg Glacier, Borggraven Glacier, Sortebrae Glacier, Apuseeq
Anittangasikkaajuk and its northern branch, Dendrit Glacier and its southern branch, and Torv

Glacier and its southern branch.

Glacier Evolution The retreat of glaciers along the east coast of Greenland have been noted
in several studies to be dependent on latitude, with glaciers above 69°N having minimal retreat
and those below experiencing substantial retreat [e.g. Walsh et al. [2012], Seale et al. [2011]]. The
observations within this study largely corroborate previous findings, yet there are several outliers
to this trend. Starting with Kangerlussuaq Fjord, below 69°N, the retreats of Styrte, Courtauld
and Frederiksborg have totaled 1.5 km, 0.5 km, and 0.5 km, respectively. Nordfjord is the only
glacier within this fjord which has remained stable during this time, showing a minimal retreat of
0.25 km. North of Kangerlussuaq Fjord, Sorgenfri and Kong Christian IV have shown a minimal
retreat of less than 0.5 km, but the adjacent Rosenborg, Kronborg, and Borggraven have retreated

by 2.5 km, 1.5 km, and 4 km respectively.

Sortebrae glacier, north of Borggraven, represents a unique glacier history for any marine-terminating
glacier in Greenland: the ice front underwent a substantial surge in 1994, advancing more than
9 km within the course of 1 year. The surge has been attributed to the hydrology of the glacier
upstream [Murray et al., 2002], rather than changes in the local ocean conditions. After the retreat,
the glacier then began a continuous retreat, losing 13 km of its ice front between 1996 and 2019.
Apuseeq, located at 69°N, has two branches which have both retreated by more than 4 km since
1985. The northern branch has experienced sustained retreat over this time while the southern
branch underwent a brief period of stability between 1992 and 2002, and then continued to retreat.
The two branches of Dendrit Glacier underwent a similar progression, with the southern branch

retreating continuously since 1985 and the northern branch retreating after 2002. The southern
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branch of Torv Glacier is the only glacier on the Geikie Plateau outside of Scoresby Sound which

remained stable during this time, as the main branch of Torv retreated by more than 1 km.

The Role of Ocean Melt The contrasting behavior of glaciers on either side of 69°N is hy-
pothesized to be due to the different source currents. As the Irminger current advects onto the
continental shelf in this region, and then flows south, there is a steady supply of heat to fjords below
this parallel. In contrast, the glaciers north of this parallel are fed by relatively cold, fresh PW in
the East Greenland Current and would not experience warming until later. Overall, the glaciers
experiencing warming from the Irminger would be expected to begin their retreats first, while the
glaciers fed by the EGC would retreat later. This effect is realized in the results presented here,
but only to a small effect: the retreats at Sorgenfri, Apuseeq, and both branches of Dendrit are
observed to occur at the same time that ice front undercutting began to increase on their termini,
but other adjacently located glaciers either remained stable or have fjords so shallow that they
would not be affected by intrusions of deep, warm Atlantic water. These shallow glaciers represent
the majority of those on the northern flank of Kangerlussuaq Fjord and seaward side of the Geikie
Plateau: Nordfjord, Styrte, Courtauld, Sorgenfri, Rosenborg, Kronborg, the northern branch of
Apuseeq, and both branches of Torv. The two remaining glaciers (below 69°N) — Frederiksborg
and Kong Christian IV — have remained stable, contrary to the overarching ocean-modulating hy-
pothesis. These glaciers terminate in deeper fjords yet have calving-promoting bathymetry: a steep

prograde slope and a sharp sill, respectively.

3.5.3 Scoresby Sound

Scoresby Sound is a wide inlet that cuts into the continent at around 70°N latitude. The sound
encompasses several glaciers terminating on the northern boundary of the Geikie Plateau as well as
several glaciers positioned deep in the fjord. These glaciers include Ostre Borg Glacier, Nakkaagajik
Timerseq, Mone Glacier, Brede Glacier, Sydbrae Glacier, Magga Dan Glacier, Kista Dan Glacier
and its western branch, Vestfjord Glacier, Rolige Brae, Eielson Glacier, Daugaard-Jensen Glacier,

Charcot Glacier, and F. Graae Glacier.
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Figure 3.20: Geikie Plateau and Scoresby Sound Glacier Results

Summary of the ice front retreat (g,), cumulative melt anomaly (gm'°™), and ice velocity (gy) for 6 glaciers in

southwest Greenland.
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Glacier Evolution Glaciers in Scoresby Sound have seen substantially less change than other
glaciated regions of Greenland. Near the mouth of the sound, Ostre Borg and Nakkagajik re-
treated 1 km and 0.5, respectively, between 2000 and 2019 while the neighboring Mone Glacier
has maintained a constant front position. Similar small retreats are observed at glaciers further
into the sound, with Brede and Sydbree retreating by less than 0.5 km, and Magga Dan and Kista
Dan remaining stable. The western branch of Kista Dan, in contrast to the main branch, has
retreated steadily over a distance of 1 km since the year 2000. Within the deeper network of fjords
within Scoresby Sound, the ice front of Vestfjord has remained stable despite some evidence of
small seasonally-created floating extensions, while Eielson and Rolige have seen only small changes
totaling less than 0.5 km. The most substantial ice front changes are observed in the most northern
fjord of Scoresby Sound with Daugaard-Jensen retreating 1.5 km between 2010 and 2019, and F.
Graze undergoing a 1.5 km step-wise retreat 2003-2004. Some retreat was observed at Charcot

prior to 1992, but the ice front has remained stable since then.

The Role of Ocean Melt Within Scoresby Sound, there is substantial evidence that oceanic
warming has played an important role in modulating the retreat of ice front positions. On the
northern side of the Geikie Plateau, Mone, Brede, Magga Dan, Kista Dan, and Kista Dan W
have all retreated concurrent with a positive anomaly in ocean melt. The retreats of these glaciers
have been small and gradual in all cases except Brede which retreated in a more step-wise fashion
coincident with an increase in melt. These glaciers provide evidence of very small changes in
ocean conditions yielding small progressions of retreat in constrast to the large warming trends
that triggering retreats of several kilometers in other regions of the ice sheet. In the same area,
Nakkaagajik and Sydbree terminate in shallow water while Mone Glacier is largely controlled by

calf ice production as it terminates on a steep, prograde slope that promotes calving.

It is difficult to draw conclusions on the role of the ocean for the glaciers which terminate deeper
within the Scoresby Sound as there have been relatively few measurements of bathymetry in this
area on account of the large production of icebergs that tend to clog these fjords. The step-wise
retreat of F. Graae shows evidence for an ocean-induced retreat as the timing of the melt anomaly on

this glacier occurs simultaneously with the triggering of retreat after almost two decades of stability.
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For Daugaard-Jensen, Rolige, and Vestfjord, on the other hand, increases in melt do not match
with the long-term stability, implying these glaciers may be more controlled by calving processes
than by melt. It should be noted, however, that there are very few CTD measurements available
within this fjord, and the modulation of ocean waters between the sample area at the mouth of
Scoresby Sound and the glacier terminus is likely misrepresented. For Charcot and Eielson, the
current Bedmachine product indicates extremely shallow bathymetry leaving the impact of the

ocean on these glaciers in doubt.

3.6 Northeast Greenland

The cold northeast sector of the ice sheet has the fewest (12) marine-terminating glaciers of any
sector on the ice sheet, but the region still accounts of 32 Gt/yr or 6.4% of discharge from the
ice sheet and 24% of the ice sheet by area. The NE sector can be broken down into three main
regions: Scoresby Land (7 glaciers), the area around the Storstrgmmen outlet (3 glaciers), and the
Northeast Greenland Ice Stream (2 glaciers). The relatively high discharge rates from the NE sector
are primarily controlled by the two large outlet glaciers which constitute the Northeast Greenland

Ice Stream: Zacharise Isstrgm (11.6 Gt/yr) and Nioghalvfjerdsfjorden (12 Gt/yr).

Due to the remote location of the NE in proximity to available harbors, persistent sea ice conditions
for the majority of the year, and the deluge of icebergs carried along the coast through the East
Greenland Current, bathymetry mapping and CTD measurements in this area have been relatively
sparse. However, some measurements do exist near Waltershausen. The knowledge of bathymetry
in NE Greenland is instead inferred from airborne gravity measurements from NASA’s Opera-
tion Ice Bridge, encompassing Gerard de Geer Glacier, Nordenskiold Glacier, Zacharize Isstrgm,
and Nioghalvfjerdsfjorden [Boghosian et al., 2015]. CTDs in this area are primarily provided as
AXCTDs from the OMG campaign, and available after 2016.
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Figure 3.21: Map of Northeast Greenland Glaciers

Overview of NE Greenland glaciers.
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3.6.1 Scoresby Land

Scoresby Land encompasses the region north of Scoreby Sound which is incised by fjords more
than 100 km in length. There are 7 significant marine-terminating glaciers in the region including
Hisinger Glacier, Nordenskiold Glacier, Jaette Glacier, Gerard de Geer Glacier, Adolf Hoel Glacier,
and Waltershausen Glacier. North of Scoresby Land, there is an additional smaller glacier named

Heinkel Glacier.

Glacier Evolution In Scoresby Land, glacier retreat has been minimal since 1985 but as for the
other regions of the ice sheet, a small retreat signal is observed to begin around the year 2000 for
a few glaciers in the region. The retreat trends for Hisinger, Adolf Hoel, and Heinkel are nearly
identical, undergoing a continuous 1 km retreat between 2000 and 2019 after 15 years of stability
between 1985 and 2000. Jeette and Waltershausen have followed a similar trend with a retreat
of approximately 0.5 km over the same time. Nordenskitld and Gerard de Geer have maintained

approximately stable ice front positions over the 1985 to 2000 time period.

The Role of Ocean Melt As bathymetric and oceanographic measurements are sparse in
Scoresby Land, it is difficult to draw conclusions on the impact of ocean melt on the small re-
treats observed for these glaciers. For Hisinger, Adolf Hoel, and Heinkel, the BedMachine dataset
indicates fjords which are only 1-5 meters deep on average. With the geometry, it is impossible to
discern a record of thermal forcing from model output, and hence to draw conclusions on the role
of ocean melt in inducing the small retreats observed at these glaciers. For the other four glaciers,
the ice front depths of several 10’s of meters provide an opportunity to assess the role of ocean
melt. At Jeette and Waltershausen where melt rates are 0.25-0.5 m/d on average, there is a small
undercutting anomaly accumulated following an increase in melt after 2005. This increase in melt
is concurrent with the timing of ice front retreat, indicating ocean melt — as minimal as it is —
likely plays a direct role in the small retreats observed at these two glaciers. At Nordenskiold and
Gerard de Geer on the other hand, melt rates have remained approximately consistent between the

two time periods, consistent with the constant positions of the ice fronts. Thus, while melt rates
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are low in this sector of the ice sheet, the small increase in thermal forcing over time has led to an
increase in ice front undercutting and small observed retreats at the ice fronts. It should be noted
that the heat provided to these fjords in the model output is not provided by the influx of deep,
warm, AW as it is for other regions, but instead by the seasonal air-to-sea heat exchange associated
with warmer air temperatures and the melting of sea ice within the fjords.
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Figure 3.22: Northeast Greenland Glacier Results

Summary of the ice front retreat (g,), cumulative melt anomaly (g °™), and ice velocity (gy) for 6 glaciers in

southwest Greenland.

3.6.2 Storstrommen Area

Storstorgmmen is a large glacier system which encompasses the junction of two large floating
extensions. In some literature, the southern branch is distinguished by the separate name L.
Bistrup Bree (e.g. [Mouginot et al., 2018]). The glacier Kofoed-Hansen Brae terminates to its north

while Soranerbraeen is located on its southern boundary.

Glacier Evolution Soranerbrazen, like the glaciers further south in Scoresby Land, has not
undergone substantial change over the past 30 years. Since 2005, the ice front has undergone a slow
retreat, with the majority of ice loss focused on its eastern flank. In contrast, Kofoed-Hansen Breae

and Storstgmmen have seen substantial change. Kofoed-Hansen Bra has retreated continuously a
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total distance of 5 km since 1985, with rapid retreat between 1985 and 2000. The retreat has slowed
since the year 2000, but has remained consistent. The retreat pattern at Kofoed-Hansen Bre is
notably different than most other glaciers in Greenland which experienced faster retreat in more
recent years. Storstrgmmen is a unique glacier in that it has a substantial floating section 10-20
km in length. The glacier ice front has retreated nearly 4 km since 2010 after 25 years of stability,

yet this pales in contrast to the 12 km retreat of its grounding line between 1992 and 2016.

The Role of Ocean Melt As for glaciers in Scoresby Land, the lack of bathymetric measure-
ments around Storstgmmen greatly hinder the assessment of ocean melt on the evolution of the
ice fronts in this region. In the BedMachine dataset, the ice front depths at Soranerbraeen are
between 0 and 5 m, which is too shallow to assess a reasonable value for ocean-induced melt. At
Kofoed-Hansen Bree, the fjord is between 60 and 100 m depth, and the ice front undercutting
rates estimate here are approximately 0.1 m/d. While modeled melt rates are higher 1992-2005
than 2005-2017, concurrent with the retreat rate of the ice front, it is impossible to determine an
accurate anomaly baseline because the ice front has undergone retreat during this entire period,
similar to other examples such as Kjer Glacier in the NW sector. In other words, the baseline
environmental parameters for stability at this glacier are not discernible from the present data.
Finally, for Storstgmmen, the melt rates between 1992 and 2017 rise from an average 0.1 m/d to
0.5 m/d with mild ocean warming during this time. While this melt anomaly accounts for the small
ice front retreat around 2010, the melt rates are likely not representative of the glacier evolution.
In fact, the terminus region of this glacier is known to depend highly on an interannual surge, and
has been predicted to advance again with a surge between 2027 and 2033. In other words, the role

of the ocean in controlling the evolution of this glacier is not clear.

3.6.3 Northeast Greenland Ice Stream

The Northeast Greenland Ice Stream represent a large flow of ice covering approximately 150,000
km?. The stream terminates in two huge glaciers: Zacharize Isstrom and Nioghalvfjerdsfjorden.

The latter glacier will be referred to its popular name of “79 North” arising from its terminus
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location at 79°N latitude and the difficulty western scientists have in pronouncing its name.

Glacier Evolution The ice front of Zacharise has undergone substantial, continued retreat since
2002, totaling nearly 600 km? of ice loss, or 27 km on average across the width of the fjord. At the
same time, significant grounding line retreat has been observed, totaling nearly 7 km between 1996
and 2015 [Mouginot et al., 2015]. This loss of grounded ice has led to near doubling of discharge
from the glacier. These changes are in contrast to 79 North, which has a much longer floating ice
tongue than Zacharize. The floating portion of 79 North lost an average 5 km from its floating
extension in the form of large, tabular icebergs but little change has been observed at its grounding

line located nearly 55 km upstream of the floating extension margin.

The Role of Ocean Melt On the floating extension geometry of Zacharize and 79 North, basal
melting underneath the ice is expected to play a more dominant role in the retreat of the grounding
line and acceleration of ice from upstream. The parameterization for ocean melt used herein
does not capture these processes, but Mouginot et al. [2015] note that basal melt has increased
substantially at both glaciers, reaching an estimated 25 m/yr on Zacharize and 13 m/yr on 79 North.
In other words, the methods used in this study do not capture the ocean’s role in modulating recent

changes, but existing studies provide noteworthy evidence on the topic.

3.7 Northern Greenland

The cold, northern sector of the ice sheet extends over a wide swath of coastline where 28 varied
glaciers terminate. The key regions of the N sector include Independence Fjord in the east (3
glaciers), the fjords fed by waters from the Lincoln Sea (8 glaciers), the Nares Straight (4 glaciers),
and the Inglefeld Gulf (13 glaciers). Due to the long, narrow geometry and extremely cold waters
in the fjords of this area of the ice sheet, several glaciers have developed long floating extensions
within the past century, although many of these have broken up within the last few decades. In
all, the N sector has lost the most ice by area at 1109 km?, yet only about half of this ice loss (558

km?) corresponds to grounded ice. While there are a multitude of glaciers in this region, the area
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only discharges 27 Gt/yr — the lowest of any sector of the ice sheet. The most significant glaciers
are Petermann Glacier and Ryder Glacier, where long (65 km and 27 km respectively) floating
extensions have persisted until present day, and Humboldt Glacier, which is the widest glacier in

Greenland at over 100 km.

Bathymetry data in the N sector is most complete in Inglefeld Gulf which has been surveyed by
airborne gravity during NASA’s Operation Ice Bridge [Boghosian et al., 2015]. OMG has also
provided single-beam echo sounding data within Inglefeld in addition to an abundant collection of

AXCTDs around the northern fjords starting in 2016.

3.7.1 Independence Fjord

Independence Fjord in the northeast region of the ice sheet has three main glaciers: Hagen Bree,

Academy Glacier, and Marie Sophie Glacier.

Glacier Evolution Despite their remote location relative to the distant source of heat from the
Atlantic, the glaciers in Independence Fjord have seen significant changes in the past few decades.
Hagen Brae, in the southern branch of the fjord, previously had a 15 km floating extension which
broke up in 2008 [Hill et al., 2018b], and has subsequently retreated 2 km. Academy glacier, in
the northern branch of the fjord, has retreated continuously since the year 1990, but the retreat
stabilized around 2009. Marie Sophie, north of Academy, experienced a minimal retreat of 1 km

which occurred between 2001 and 2006.

The Role of Ocean Melt The break-up of Hagen Bra’s floating extension in 2008 came af-
ter substantial increases in ocean thermal forcing within Independence Fjord, suggesting increased
basal melt processes likely played a key role in its collapse. However, as for previously mentioned
glaciers with floating extensions that broke up within the last two decades, the melt parameteriza-
tion utilized here does not capture circulation and melt processes underneath the shelf, and therefore
cannot be used to draw conclusions on its demise. Similarly, the ongoing retreat of Academy makes

it impossible to determine the impact of increased melt as this environmental signal is mixed with a
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pre-existing forcing that has destabilized the ice front. For Marie Sophie, the small retreat observed
to begin around the year 2000 is attributed to increased ocean induced melt as the ice front began

to retreat at the same time as the cumulative melt anomaly increased.

3.7.2 Lincoln Sea Region

The Lincoln Sea encompasses the northern boundary of the ice sheet which connects several fjords
and inlets where 8 glaciers terminate. From east to west, these are Adams Glacier, Naravana
Glacier, Jungersen Glacier, Brikkerne Glacier, C.H. Ostenfeld Glacier, Ryder Glacier, Steensby

Glacier, and Newman Glacier.

Glacier Evolution On the eastern side of the Lincoln Sea Region, Adams, Naravana, and
Jungersen have retreated by 1 km, 1.5 km, and 4km since the year 2000 when satellite obser-
vation are available. Data on the retreats of these glaciers is sparse, but the majority of retreat is
observed after 2010. In C.H. Ostenfeld Fjord, the lateral Brikkerne has been remarkably stable over
the past several decades while the main C.H. Ostenfeld glacier lost an extensive floating section
which, at its longest point in 1991, was nearly 20 km in length. After the collapse of its ice tongue,
C.H. Ostenfeld continued to retreat another several kilometers. Further west, Ryder and Steensby
have both also supported floating ice extensions for more than 20 kilometers in length. Despite the
adjacent location of these two glaciers, the evolution of their termini has been contrasting with the
extension at Ryder staying intact, while that at Steesby broke up in the year 2012, leaving only a
small floating extension of 1-3 kilometers in length. At Newman Glacier, west of Steensby, the ice

front position has remained constant.

The Role of Ocean Melt Due to the remote location of these fjords in Greenland and the
persistent sea ice preventing passage by boat, the majority of glacier regions here have not been
surveyed to reveal their bathymetry. Thus, in the BedMachine dataset, the bathymetry of Adams,
Naravana, Jungersen, Brikkerne, and Newman terminate in fjords which have a mean water depth

which is less than 1 m meter below sea level on average. This shallow bathymetry, which is likely
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due to a lack of measurements in the region, obscures the interpretation of their retreat relative
to changing ocean conditions. For the three remaining glaciers with floating extensions, however,
there is clear evidence that increased ocean thermal forcing in the region beginning after the year
2000 has played an important role in the recently observed evolution. At C.H. Ostenfeld, the final
collapse of the remaining 9 km of its floating extension in 2002 occurred after a 1° increase in TF,
leaving a vertical ice front that is more typical of glaciers further south in Greenland. The terminus
of this glacier continued to retreat in subsequent years with a modeled increase in undercutting
from 0.25 m/d to 0.5 m/d. At Ryder, the floating ice extension has been maintained but satellite
measurements indicate that the grounding line has retreat upwards of 10 km between 1992 and

2017 coincident with an increase in melt from 0.3 m/d to 0.7 m/d.

3.7.3 Nares Straight

The Nares Straight is a narrow passage between northern Greenland and Ellesemere Island. Within
this narrow region are the massive Petermann and Humboldt Glaciers as well as the smaller Dodge

and Storm Glaciers.

Glacier Evolution Petermann glacier flows into a narrow fjord in Nares Straight where it ter-
minates in the longest floating ice extension in Greenland at 65 kilometers in length. The front
position at Petermann has been approximately constant over the past several decades except for
a large, 25 kilometer calving event which transpired between 2010 and 2012. In recent years, the
grounding line has retreat 1-2 kilometers after several decades of stability. At Humboldt, the largest
changes have been observed on the northern flank where flow speeds are fastest and the ice front
has retreated more than 5 km since 2000. However, when averaged over the entire length of the
terminus, the retreat is more minimal at around 3 km between 2000 and 2018. Further south, at
the end of Nares Straight, Dodge has undergone a small retreat of 1 km since 2000 while Storm

has been relatively stable.
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Figure 3.24: North Greenland Glacier Results

Summary of the ice front retreat (¢), cumulative melt anomaly (gn, °"), and ice velocity (gy) for 6 glaciers in

southwest Greenland.
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The Role of Ocean Melt As discussed for other glaciers with long floating extensions, the
undercutting model employed here does not capture circulation below ice shelves, and it is difficult
to ascertain the role of the ocean on the large 2010 calving event from this approach. For Humboldt
however, the modeled results reveal an increase in melt before the year 2000, leading to an increasing
cumulative melt anomaly which mirrors the tend in ice front retreat. Undercutting rates are small,
at 0.18 m/d on average with higher rates of 0.26 m/d observed in the 2008-2018 time period. For
Dodge and Storm, the shallow bathymetry of less than 1 m below sea level on average (in the latest

dataset) is too shallow to conduct an assessment of melt.

3.7.4 Inglefeld Gulf

Inglefeld Gulf is a glaciated bay between Nares Straight and Baffin Bay. There are 12 glaciers within
the gulf, including Diebitsch Glacier, Morris Jesup Glacier, Verhoeff Glacier, Bowdoin Glacier,
Hubbard Glacier, Hart Glacier, Sharp Glacier, Melville Glacier, Farquhar Glacier, Tracy Glacier,
Heilprin Glacier, and Leidy Glacier. The glacier Harald Moltke Brz is located south of Inglefeld
Gulf.

Glacier Evolution The glaciers in Inglefeld Gulf have seen significant retreat over the past
several years. On the northwest end of Inglefeld, Diebitsch glacier retreated 1.5 km starting in
2000 while the neighboring Morris Jesup retreated 1 km starting in 2008. Verhoeff, on the other
hand, has not substantially changes over this time. Further into the fjord, Bowdoin underwent an
abrupt retreat between 2009 and 2012, retreating by 1.5 km. Hubbard, Hart, and Sharp have all
retreated nearly 1 km since the year 2000 after a 15 year period of stability. Melville has undergone
substantial interannual variability between 1985 and 2019, with a net retreat distance of 0.5 km in
total. Farquhar is a unique glacier in that it used to terminate directly into the lateral boundary of
Tracy glacier to its south before Tracy retreated in 2001. Since this separation occurred, Farquhar
has retreated 3 km from the prior boundary on Tracy. From 1995 to 2001, the extent of Tracy
underwent significant seasonal and inter-annual oscillations, likely from the development of a 2-

3 km floating section at its terminus. As the glacier retreated, the seasonal variation declined
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significantly, and the ice front has retreated nearly 10 km since 2001. On Heilprin to the south of
Tracy, the northern branch of the glacier has retreated further than the southern branch, leading
to an average 1 km retreat observed over the entire ice front initiated in the year 2000. Leidy
Glacier, the marine-terminating glacier within Inglefeld, has retreated approximately 1 km since
its initiation in 2000. The glacier Harald Moltke Bree, outside of Inglefeld, is a unique case for
marine-terminating glaciers in that it has undergone several surge-like advances of approximately
1 km overlain on a long trend of retreat. The net front change at Harald Moltke has been 3 km

since 1992.

The Role of Ocean Melt Several of the glaciers in Inglefeld have been discussed in previous
literature that suggests the ocean plays a significant role in controlling their terminus locations.
First, the smaller glaciers on the northern side of the gulf experienced short retreats coincident with
small cumulative melt anomalies: Morris Jesup, Bowdoin, Hubbard, Hart, Sharp, and Meltville.
Bowdoin, in particular, was observed to retreat after a large portion of its terminus started floating
and eventually calved off [Sugiyama et al., 2015], providing corroborating evidence for large changes
induced at the terminus. The two remaining glaciers on this side — Diebitsch and Verhoeff — have

shallow bathymetry, yet the former has retreated by 1.5 km while the latter has remained stable.

The differing retreat distances at Tracy and Heilprin have been linked to differences in their
bathymetry, with the larger retreat at Tracy due to its deeper fjord [Porter et al., 2014], allowing
for greater access to deep, warm water. Further evidence for higher melt rates on Tracy vs Heilprin
was highlighted by Willis et al. [2018], using a multitude of CTDs collected within the gulf in 2016.
The results in the study herein support these previous conclusions with a higher undercutting rate
calculated for Tracy, and an increase in the cumulative melt which coincides with the timing of

glacier retreat.
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Chapter 4

Synthesis

4.1 Glacier Retreat in Different Thermal Forcing Regimes

4.1.1 1992-1998: Low Thermal Forcing

From 1992 to 1998, the total loss in ice area from the fronts of marine-terminating glaciers was
295 km? — only 8% of the total area loss over the full 1992-2018 period investigated here. The
majority of this area loss came from either portions of glaciers supporting floating ice shelves (225
km?) and seven glaciers which were already in a sustained state of retreat (37 km?). During this
period of relative stability, temperature reconstructions reveal an ocean state which was cooler than
subsequent periods: on average, the thermal forcing was 4.1°C for all regions as compared to the
4.3°C simulated for the entire study time period. Consequently, the average melt rate was also
low at 0.49 m/d with a latitudinal gradient mirroring that of thermal forcing. Coincident with the
lower undercutting rates and stable ice fronts, ice discharge was also lower than the subsequent
values observed on these glaciers in the years after 1998. See Tables 4.1, 4.2, and 4.3 which depict

the progression of each sector of the ice sheet during and after the stable period.
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Table 4.1: Overview Statistics for the 1992-1998 Stable Period

Sector Undercutting Rate Thermal Forcing Areal Ice Loss Ice

Mean Mean Grounded Total Discharge

(m/d) (°C) (km?)  (km?)  (Gt/yr)

NwW 0.43 3.4 -5 -5 88
CW 0.62 4.1 9 -3 65
SW 0.81 6.7 5 5 30
SE 1.01 6.6 26 26 141
CE 0.35 3.5 6 6 79
NE 0.10 2.4 68 178 31
N 0.10 2.1 68 87 22
Mean 0.49 4.1 25 42 65
Total - - 177 295 455

Statistics for the ocean state, melt, retreat, and discharge during the 1992-1998 stable period when ocean thermal
forcing was lower than in subsequent years.

4.1.2 1998-2008: Regional Warming

After 1997, heat anomalies from the North Atlantic Ocean entrained in the Irminger and West
Greenland currents spread additional ocean heat around the continent, yielding an increase in
thermal forcing for all seven sectors of the ice sheet. The most substantial warming occurred
in Baffin Bay boosting the thermal forcing by 1.6°C and 1.84°C for the NW and CW sectors,
respectively. Overall, thermal forcing increased 0.11 °C/year, or the equivalent of 1.1°C on average
during this time. Accordingly, the modeled undercutting rates at the glaciers around Greenland
increased in all sectors, and a widespread trend in ice front retreat was observed. In total, there was
a total ice loss of 1,404 km? with the biggest losses observed in the NW and the NE sectors. While
the ice loss area is comparable for these two regions, the loss of ice in the NW was nearly all from
grounded glaciers while that in the NE was largely from floating extensions at Zacharise Isstrgm,
Nioghalvfjerdsfjorden, and Storstrgmmen. Thus, the loss of ice in the NW had a more substantial
impact on the mass balance of the ice sheet, with a small 4 Gt/yr increase in discharge in the NW
on average, compared to the negligible change in the NE. The loss of ice during this time period of

warming ocean waters was nearly 5 fold higher than the cooler period which proceeded it.
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Table 4.2: Overview Statistics for the 1998-2008 Warming Period

Sector Undercutting Rate Thermal Forcing Areal Ice Loss Ice

Mean Mean Trend Grounded Total Discharge

(m/d) (°C)  (C/yr)  (km®)  (km?) (Gt/yr)

NW 0.76 4.06 0.16 360 360 91
CW 0.92 4.83 0.19 95 187 7
SW 0.97 7.17 0.11 19 19 30
SE 1.24 6.92 0.05 162 162 154
CE 0.45 3.88 0.06 110 110 83
NE 0.14 2.64 0.07 134 358 30
N 0.19 2.48 0.14 229 209 21
Mean 0.67 4.57 0.11 158 201 70
Total - - - 1109 1404 486

Statistics for the ocean state, melt, retreat, and discharge during the 1998-2008 warming period when glacier retreat
was initiated.

4.1.3 2008-2018: Regional Cooling

The warming of ocean waters reached an apex around 2008, at which point ocean temperatures
started to cool around Greenland. The magnitude of cooling was nearly comparable to that of
warming in the previous period: on average waters cooled at a rate of 0.08°. However, in contrast
to the widespread response to warming, the response to cooling was not as straight-forward. In fact,
the loss of ice was greater in all sectors of the ice sheet except for the southeast: glaciers lost a total
1210 km? from their terminus regions which was nearly 10% higher than the loss observed in the
warming period. Much of this loss can be explained by undercutting rates which remained above
average levels in the 1992-1998 period which maintain glacier equilibrium positions. Moreover,
the distribution of glacier retreat between glaciers: in the warming period, many glaciers began to
retreat after the onset of warm water increased melt on their termini and dislodged them from their
previous positions. After this initial perturbation, many glaciers restabliized in upstream positions.
However, a few glaciers continued to undergo long-term retreat that continued even after the initial
forcing was applied. Much of this progression is related to the shape of the bed upstream, with

wider and/or deeper fjords promoting larger retreats.
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Table 4.3: Overview Statistics for the 2008-2018 Cooling Period

Sector Undercutting Rate Thermal Forcing Areal Ice Loss Ice

Mean Mean Trend Grounded Total Discharge

(m/d) (°C)  (°C/yr) (km?)  (km?) (Gt/yr)

NW 0.74 4.07 -0.07 394 394 110
CW 0.94 4.81 -0.15 109 109 88
SW 1.00 6.85 -0.07 22 22 31
SE 1.11 6.52 -0.1 145 145 160
CE 0.45 4.02 -0.09 116 116 87
NE 0.16 3.02 -0.02 175 314 34
N 0.21 2.96 -0.06 250 835 24
Mean 0.66 4.60 -0.08 173 277 76
Total — — — 1210 1936 534

Statistics for the ocean state, melt, retreat, and discharge during the 2008-2018 cooling period after glacier retreat
had already been initiated.

4.2 Categorization of Glacier Response to Ocean Temperature

Variability

In the previous chapter assessing glaciers in the 7 sectors of the ice sheet, substantial evidence was
presented highlighting the role of ice front undercutting in the retreat of Greenland’s glaciers over
the past several decades. However, there were several circumstances which obscured the calculation
or interpretation of model results. Here, five categories are delineated to describe these circum-
stances, providing a foundation to outline the contributions this study has made to our knowledge
of the impact ocean warming has played in the recent evolution of the ice sheet. These categories
include glaciers which are Melt-Dominated (MD), Calving-Dominated (CD), undergoing Sustained
Retreat (SR), containing a Floating Extension (FE), and terminating in Shallow Bathymetry (SB).
The categorization scheme is shown in Figure 4.1, and each category is described in the successive

subsections and depicted schematically in Figure 4.3.

4.2.1 Shallow Bathymetry

As described in Section 1.2, heat anomalies from the North Atlantic Ocean are transported to

the Greenland coastline through a network of currents including the Irminger Current, the West
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Figure 4.1: Glacier Categorization Flowchart

Procedure to categorize glaciers based on their geometry and recent progression of retreat.

107



Greenland Current, and East Greenland Current. Within these pathways, warm water from the
Atlantic (AW) is more dense than waters from the Arctic Ocean and surface waters that have been
mixed with runoff from the ice sheet. Consequently, this denser water is subducted to the deeper
portion of the water column, and AW is found typically below 200 m depth. Thus, warming from

the Altantic is not expected to influence glaciers which terminate in shallow water.

There are 50 glaciers which terminate in fjords that, in the BedMachine dataset, have ice front
depths which are less than 10 m below sea level — far too shallow for warm AW to infiltrate their
fjords and cause melting at their grounding lines. With this geometry, the glaciers would instead be
influenced by oceanic heat anomalies associated with seasonal air-sea heat exchange. The quantity
of heat added to the fjord depends greatly on latitude as fjords in the northern regions maintain a
seasonal sea ice layer for a greater portion of the year, preventing warmer atmospheric conditions
from transmitting heat into fjord waters. See, for example, the ocean thermal forcing, water depths,
inferred undercutting rates and retreat histories at Sortebrae in the CE sector, Sermilik Brae in the
SW sector and Diebitsch Glacier in the N sector, as shown in Figure 4.2. For Sortebrae, the glacier
underwent a surge in 2004, advancing into deeper water, and then a rapid retreat back to shallow
water of only 1-2 meters. A similar situation is observed at Sermilik Brze and Diebitsch: prior
to their ice front retreats into an upstream position, the ice fronts terminated in waters 10-20 m
in depth, on average, where they were exposed to seasonal fluctuations in ocean temperature. As
retreat continued, the ice fronts reached portions of the bed which were no long in contact with

the ocean. In effect, the glaciers became land-terminating.

However, in observing these glaciers in satellite imagery, it is clear that these glaciers are still
largely in contact with the local ocean environment. Thus, the problem with this assessment —
and the entire calculation of ocean thermal forcing and ice front undercutting for these glaciers —
is that the BedMachine dataset does not accurately reflect the geometry of the fjord where these
glacier terminate. This issue is not reflective of errors in the methods by which the BedMachine
dataset has been formulated, but rather the fact that these fjords have never been surveyed by echo
sounders on boats, airborne gravity, or otherwise. In fact, the story is the same for nearly 90% of

the glaciers which fit into this category: there is a lack of data within many of the fjords on the
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ice sheet. By number, these glaciers make up a substantial portion of the 226 marine-terminating
glaciers on the ice sheet, but by flux, they are make up a relatively small percentage at 18 Gt/yr
in all — only 3% of the total flux from the ice sheet. Moreover, these glaciers have constituted 176
km? of areal ice loss — only 5% of the total observed ice loss. Nonetheless, these glaciers make up
important sections of the coastline, and future field work to map bathymetry within Greenland’s
fjords should be focused on these regions. For reference, the locations of these fjords are indicated

in Figure 4.7.
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Figure 4.2: Glacier Categorization Flowchart

Examples of glaciers classified as having shallow bathymetry.

4.2.2 Floating Ice Extensions

The majority of glaciers in Greenland have at least a small section of their terminus which is afloat,

resulting from the undercutting processes depicted in Figure 2.1. These small floating sections
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have been observed in glacier faces scanned by multi-beam echo sounders [Fried et al., 2015, Rignot
et al., 2015] and are predicted by fjord circulation models of melt within discharge plumes Xu et al.
[2012, 2013], Rignot et al. [2016]. These floating extensions are not expected to provide significant
buttressing to the glacier upstream and are anticipated to shed off of the ice face quickly after

formation.

Floating extensions which extend for several kilometers in front of the glacier grounding line and
maintain contact with fjords walls, on the other hand, play a significant role in the stability of
glaciers. For example, when Jakobshavn Isbrae lost its floating extension in 2003, the ice speed
at its terminus more than doubled over the course of a decade. Modeling studies on Petermann
Glacier similarly predict a large acceleration of ice if a substantial portion of the ice tongue calves,
but insignificant acceleration if only a small portion of the floating extension is lost [Hill et al.,
2018a]. As glaciers with floating extensions are typically large and discharge a high quantity of ice,
the influence of ocean melt on their grounding lines is a high priority for understanding recent mass
loss from the ice sheet. Indeed, these glaciers constitute some of the best-studied glaciers on the
ice sheet and there has been some effort to parameterize melting below these floating extensions
to anticipate their breakup (e.g. Cai et al. [2017]). However, existing parameterizations do not
accurately capture melt on the grounding line. The model used in this study is insufficient to
capture such melt as it encapsulates an estuarine-like circulation pattern in front of a vertical ice

face which does not accurately capture processes controlling circulation within an ice shelf cavity.

In this study, 10 glaciers are identified which currently maintain a substantial floating extension
(> 5 km in length) bounded by a long, narrow fjord (Nioghalvfjerdsfjorden, Ryder Glacier, Steensby
Glacier, and Petermann Glacier) or which lost a floating extension within the past decade (Alison
Glacier, Jakobshavn Isbrae, Storstrgmmen, Zacharize Isstrom, Hagen Bree, and C.H. Ostenfeld).
For the issues pertaining to the application of the ice front undercutting model described above,
this work does not attempt to quantify the role of ocean melt in controlling the evolution of these
glaciers. Rather, records of ice front positions and grounding lines are provided with the hope
that future studies will take up the effort to explain the role of ocean melt in modulating change

from these glaciers. Historical images for 9 of these glaciers are provided with their grounding line
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positions in Figure 4.4 for reference.

4.2.3 Sustained Retreat

As described in Section 2.4 and highlighted through Chapter 3, the method used to deduce the
impact of enhanced ice front undercutting on the retreat of Greenland’s marine-terminating glaciers
is determined by calculating the anomaly in melt relative to a baseline value in the 1992-1997 time
period. The rationale for this baseline time period was that the majority of glaciers on the ice
sheet were stable during this time, as deduced from records of ice front positions and ice velocity
fields. In effect, this approach is not valid for glaciers which were not stable during this time period.
The response of these glaciers to increases in thermal forcing and ice front undercutting after 1997
are mixed with a pre-existing response to forcing which was induced before the model time period

began.

In this study, there are 7 glaciers identified which were already in a state of sustained retreat: Kjer
Glacier, the southern-most branch of Upernavik Isstrom, Midgard Glacier, the northern branch
of Apuseeq Anittangasikkaajuk, Kaarale Glacier, Kofoed-Hansen Bra, and Academy Glacier. The
retreat records for these glaciers are shown in Figure 4.5. Note that glaciers which were additionally
categorized as having shallow bathymetry or a floating extension are not included in this category,
as depicted in the categorization schematic in Figure 4.1. For example, Sermilik Brz in Figure 4.2
shows a history of retreat prior to and during the 1992-1997 period, but it is classified as SB. While
the glaciers which were already retreating have undergone significant mass loss and retreat, their
impact on the full assessment of retreat and the mass balance of the ice sheet is minimal: their
total 180 km? areal ice loss only constitutes 5% of the total loss, and their 6 Gt/yr discharge is

approximately 1% of the discharge from the ice sheet as a whole.

4.2.4 Calving-Dominated Glaciers

As described for nearly every ice sheet sector described in Chapter 3, there are several examples of

glaciers which remained stable despite substantial increases in the modelled ice front undercutting.
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Figure 4.4: Examples of Glaciers with Floating Extensions

Satellite images showing the floating extensions of 9 glaciers around Greenland. Images for Steensby, Petermann, and
C.H. Ostenfeld are from ERS-1/2 while the remainder are from Landsat 5. The grounding line is shown in red and
the ice front position is shown in yellow. Note that Alison Glacier, the 10" glacier which had a floating extension,
is not depicted in this figure.
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Figure 4.5: Examples of Glaciers with Sustained Retreat 1992-1998

Glaciers undergoing continued retreat in the 1992-1998 time period.
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In this investigation, the stability of the ice front in the face of enhanced ocean melt is attributed to
a unique geometry of the calving face that prohibits undercutting from reducing the buttressing at
the grounding line and changing the stress balance of the terminus region to cause retreat. These
glaciers terminate in shallow sill regions and within constrictions or “neckings” between fjord walls
that diminished the effect of removing ice at the deepest part of the glacier ice front. As ice is
advected from upstream, pushing the ice front past these sills and constrictions, the ice front is
naturally undercut as it reaches hydrostatic equilibrium and detaches from the bed. When the
plume of subglacial discharge is emitted at these locations, the effect of melt is to undercut ice
which is already afloat. As with portions of ice undercut by ocean melt, these floating sections
will eventually calve off of the glacier ice front, leaving the stress balance of the terminus largely
unchanged. See, for example, the second panel of Figure 4.3 which depicts a calving front which
has advected over a shallow sill. This situation is analogous to Store Glacier in the CW sector,

which is depicted with other examples of calving-dominated glaciers in Figure 4.6.

In this study, we identify 34 glaciers which exhibit this calving-dominated behavior, with examples
provided in Figure 4.6 and described in Chapter 3. Many of these glaciers represent substantial
discharge rates from the ice sheet, and the stability of their ice fronts has helped keep these fluxes
constant: at the 34 glaciers categorized as calving-dominated, there was only an 2.1% increase in
discharge between their 1992 and 2018 rates. This is only a fraction of the 25.5% increase in ice
discharge observed on the Greenland Ice Sheet is a whole, indicating the stability of these glacier

are key modulators of mass loss from the continent.

4.2.5 Melt-Dominated Glaciers

In assessing the impact of ocean temperature variability on the evolution of 226 glaciers from the
ice sheet, it is impossible to conclude on 67 glaciers because of small bathymetry or other residual
errors in the bed shape, the presence of floating sections, and ice fronts which were already in a
sustained state of retreat when ocean model data is available. For another 34 glaciers, shallow sills
and residual errors in bathymetry prevent undercutting from having an impact on the stability of

the ice terminus location. In total, these glaciers account for 198 Gt/yr of ice discharge and 969
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Figure 4.6: Examples of Bathymetry for Calving-Dominated Glaciers

Examples of glaciers which are categorized as calving-dominated. The left panel shows a Landsat image of the glacier
position, and the right shows the bathymetry/bed in BedMachine Version 3 [Morlighem et al., 2017]
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Table 4.4: Overview of Glacier Categorizations

Category Mean Ice Tidewater Areal Ice Loss
Discharge Glaciers Grounded Total
(Gt/yr)  (#) (km?)  (km?)
Shallow-Bathymetry 18 50 176 176
Floating Extension 81 10 534 1725
Sustained Retreat 6 7 180 180
Calving-Dominated 93 34 56 o6
Melt-Dominated 279 125 1465 1465
Total 477 226 2481 3602

Breakdown of the discharge and retreat magnitudes by the categorizations delineated in Section 4.2

km? of ground ice loss — the equivalent of 41% of the total ice discharge and 40% of the total ice
area loss from the ice sheet between 1992 and 2018. The remainder of the ice discharge and retreat
area is attributed to glaciers which are melt-dominated — the most significant glaciers on the ice

sheet.

In total, there are 125 glaciers in this study which were identified as melt-dominated. These glaciers
are characterized as having a stable ice front position between 1985 and the late 1990’s, and then a
progression of retreat which ensues around the turn of the millennium when thermal forcing around
the ice sheet increased. The retreat distance of these glaciers typically corresponds closely with
their melt anomaly during the period of increased thermal forcing between 1997 and 2008. As
thermal forcing started to decline after 2008, some glaciers restabilized while others continued to
retreat. During this subsequent cooling period, retreat records do not closely correspond to the melt
anomaly for the majority of glaciers. The rationale for this mismatch is that the initial increase
in melt was sufficient to undercut the ice front to detach a substantial portion of the grounded
terminus, alter the stress balance in the terminus region, decrease the buttressing force on the
ice upstream, and cause an acceleration of ice. Indeed, surface thinning and ice acceleration are
observed at nearly all of the marine terminating glaciers [Mouginot et al., 2019]. In fact, marine
terminating glaciers constituted an 29.2% increase in discharge which was more than the total
25.5% increase in total for all glaciers on the ice sheet. In terms of retreat, the melt-dominated

glaciers accounted for 1,465 km? of ice loss between 1992 and 2018.
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4.2.6 Summary

Figure 4.8 provides an overview of the retreat rates for each of the categorizations outlined above
over three different time periods, while Figure 4.7 provides a map delineating the regional positions

of glaciers in each category. Table 4.4 provides a statistical overview of each categorization.

Melt-dominated glaciers constitute the highest proportion of glaciers by both total number and total
discharge from the ice sheet. In terms of ice area loss on the periphery of the continent, the 134 MD
glaciers are second only to the areal loss by glaciers with floating extensions. However, as revealed
by the progression of grounding lines mapped from double-difference interferograms, the majority
of ice loss from glaciers with floating extensions is comprised of floating ice rather than grounded
ice. This is an important distinction because the loss of grounded ice represents a more significant
buttressing force counteracting the flow of ice upstream. In other words, the loss of grounded ice is
typically associated with accelerated discharge from the ice sheet, and a contribution to global sea
level rise. When compared with the grounded ice loss rates, the retreat of melt-dominated glaciers
is revealed to be a more substantial component of areal ice loss. This is viewed in the larger
increase in acceleration at melt-dominating glaciers than their FE counterparts. As expected for
CD glaciers, retreat rates are negligible at these locations, with only small perturbations observed
in select locations. For SR glaciers, the small number of glaciers (7 in total) play little role in the
total retreat rate for all glacier in Greenland. Finally, while the glaciers with shallow bathymetry
make up a critical number of glaciers in Greenland, their retreat rate is actually quite small overall.
It should be noted that the net advance of SB glaciers in the 1992-1998 time period is entirely from
the anomalous surge observed at Sortebrz in the CE sector, which is likely from circumstances

unrelated to the oceanic regime in the area.

4.3 Impact of Melt on Ice Sheet Evolution

In this section, total quantities of melted ice are compared to advection, calving, and retreat rates.
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Figure 4.7: Glacier Categorization Map

Map depicting the locations, retreat rates, and categorizations of glaciers around the ice sheet.
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Figure 4.8: Retreat Rates by Categorization and Sector

Break down of retreat by region, time period and classification. Note that the vertical axes for the top panels are
scaled differently for clarity.
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4.3.1 Ice Front Undercutting vs. Dry Calving

Dry calving — the processes by which ice blocks break off from the fronts of marine terminating
glaciers induced by the propagation of surface cracks [Nick et al., 2009] or other processes — has
evaded a universal description either analytically or by deterministic models. As described in
Section 2.1 the dry calving rates in this investigation are deduced as the residual of the mass

balance equation 2.1, i.e.

e = d4f —4dm — Qqr (4.1)

With the records generated here, it is possible to determine the relative importance of ¢,, and g,
in causing mass loss from the ice sheet. However, for the reasons depicted in the preceding section
describing the categorization of glaciers and their corresponding melt rates, this assessment is only
valid for glaciers which are MD or SR. The SB and FE glaciers cannot be appropriately captured
with the modelled variables, and estimates of CD glaciers yield results which are not representative
of melt which induces significant ablation. Thus, the results provided in this section correspond to
MD and SR glaciers, which constitute 61% of the flux and 69% of the retreat from the ice sheet
between 1992 and 2018.

Ice front melt and undercutting constitutes a wide range of fractional ablation values, from relatively
little influence observed at Tracy Glacier in the N sector for which melt constituted 9% of the
total ablation and Saqqarliup Sermia for which melt constituted almost 100% of the ablation. By
region, the CW region shows the highest ratios between melt and ablation with 33.2% of ablation
attributable to melt, and the NE section has the lowest at just 7.7% of ablation from melt. In
total, for all MD glaciers on the ice sheet, approximately 25.5% of the ablation on glacier termini
is attributable to ocean melt. Figure 4.9 depicts the relative proportions of calving and melting

compared to total ablation on the ice sheet.

121



4000 All Glaciers (125 MD of 226 Total) 140 N Glaciers (11 MD of 28 Total)

3500{| — Cumulative Ablation 120
3000{| — Cumulative Melt 100
2500 -
2000 &5
1500 25.5% | 20
1000 18.9%
500 20
0 0
1200 NW Glaciers (49 MD of 58 Total) 30 NE Glaciers (4 MD of 12 Total)
1000 25
800 20
600 15
E 400 29.7% | 10
=
u 200 7.7%
%]
S 0 0
2 250 CW Glaciers (10 MD of 19 Total) i CE Glaciers (16 MD of 45 Total)
©
S 200 500
g 400
O 150
300
100 o
34.3% 200
0,
50 100 17.0%
0 0
200 SW Glaciers (6 MD of 15 Total) 1600 SE Glaciers (29 MD of 49 Total)
1400
150 1200
1000
100 800
600 27.0%
50 o 400
13.3% 200

1890 1995 2000 2005 2010 2015 202( 1890 1995 2000 2005 2010 2015 202

Figure 4.9: Cumulative Melt vs. Cumulative Ablation

The cumulative melt compared to the total ablation for each sector of the ice sheet. Note that these statistics only
pertain to glaciers which are categorized as MD because the estimate of melt for other glaciers are either misleading
or inaccurate. The total ablation is deduced as the sum of advection and ice loss via retreat.
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4.3.2 The Influence of Melt on Retreat and Acceleration

On the regional average, the influence of melt is relatively small as compared to the inferred
magnitude of ice loss by calving — a statistic which might suggest that melt plays a relatively small
role in the evolution of glaciers on the ice sheet. However, this comparison does not take into
account the effect that small changes in melt can, in turn, have on the retreat and subsequent
acceleration of glaciers. As described in Section 2.4, the study herein observed accumulated melt
anomalies in comparison to the retreat values. Figure 4.10 provides a regional view of the total
undercutting anomaly in comparison to retreat for each sector of the ice sheet. Until around 2008,
there is a striking comparison between the magnitude of M %" and ice front retreat R. After 2008,
these lines begin to substantially diverge as retreat ensues further. This progression of retreat in
comparison to increased melt is suggestive of ocean melt acting as a forcing agent on the periphery
of the ice sheet, causing ice front retreat. When the ice front is dislodged from its stable position,
the inferred calving rates increase, consistent with calving acting as a response to regional climate

forcing, in line with suggestions by Truffer and Motyka [2016]
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Figure 4.10: Comparison of Cumulative Melt Anomalies and Retreat Distances by Sector

Comparison between the cumulative ice front retreat distances and the cumulative melt rate anomalies averaged for
each sector.
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Chapter 5

Conclusions

5.1 Impact of Temperature Variability on Ice Sheet Mass Balance

The investigation herein establishes a quantitative link between regional ocean warming around
Greenland, and the retreat of glacier ice margins. The subsequent acceleration and thinning of
glaciers after margin retreat further implicates ocean temperature variability in causing long term

changes in mass loss, and in turn, sea level rise.

This study has identified three broad-scale regimes of ocean temperature and glacier retreat: a
1992-1998 cold period when retreat was minimal, a 1998-2008 warming period when glacier retreat
was substantial, and a 2008-2018 cooling period when some glaciers were continuing to retreat
and others restabilized. During the 1992-1998 time period, the ocean state around Greenland was
relatively cold and the total ice loss was 295 km? and primarily controlled by a select number of
glaciers which were undergoing retreat and a few regions where floating ice extensions were present.
As oceans temperatures warmed after 2008, substantial changes were observed at the majority of
tidewater glaciers, leading to an 1,404 km? areal mass loss over this time. After 2008, as the ocean
state experienced moderate cooling, many sectors of the ice sheet saw a restabilization of ice fronts.
However, retreat continued for many other regions, particularly in the northwest sector. In total,

the areal ice loss was 3,603 km? over the 1992-2018 period, which includes the break-up of several
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ice tongues.

In all, 134 glaciers have clear evidence of enhanced ice front undercutting playing a dominant role in
their retreat: from 1992 to 2018, melt anomalies accounted for 60.2% of ice front retreat while the
remainder was the result of enhanced calving after retreat was initiated. Moreover, the timing of
increased melt corresponds closely with the timing of glacier retreat after the period of quiescence
in the first half of the 1990’s. For another 25 glaciers, unique fjord geometries with abrupt, shallow
sills and fjord constrictions prevent undercutting processes from having a significant impact on the
loss of ice at the terminus, leaving the glacier front position largely impervious to the effect of
increase ocean temperatures. These calving-dominated glaciers control approximately 17.7% of ice
discharge from the ice sheet. Finally, it is difficult to draw conclusions for the remaining 67 glaciers
because of residual deficiencies in our mapping of the fjords around Greenland (50 glaciers), the
presence of floating ice extensions for which we lack a generalized melt model (10 glaciers), and cases
where the glacier was already responding to forcing outside of the timespan of our oceanographic
records. These 67 glaciers constitute only 37.5% of the grounded ice area lost and 3.7% of the ice
discharge from glaciers on the ice sheet. On the other hand, this study implicates the ocean in
causing changes on glaciers which control 60.4% of the ice sheet flux and contributed to 60.2% of
its area loss between 1992 and 2018. As related to the mass balance of the ice sheet, these glaciers
have contributed to 62.8% of the negative mass balance 1992-2018 — an equivalent of 6.1 mm of sea

level rise.

5.2 Implications and Outlook

From the results herein, the Greenland Ice Sheet and its contribution to sea level rise are linked
to the ocean temperature trends around the continent. As ocean temperatures are expected to
rise in the coming century, future glacier retreat and associated mass losses will yield continuing
contributions to global sea level rise. The amount of future ocean warming, and in turn, the sea
level contribution from Greenland will depend greatly on progressions of greenhouse gas (GHG)

emissions in the coming century. Figure 5.1 provides an outlook for ocean temperature around
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Greenland under two common scenarios: a moderate scenario in which GHG emissions are curbed
within the next several decades (RCP 4.5), and a more extreme scenario in which the emissions of

GHGs follow a “business as usual” approach, increasing through time (RCP 8.5).

The amount of mass loss from the ice sheet, however, is still very much an open question which
is greatly hindered by model deficiencies. While uncertainties in various surface processes and the
cost of running high resolution models are known areas for improvements in ice sheet models, the
results indicated in this study outline a critical component missing from all existing projections
of ice sheet mass loss: the ocean boundary conditions and associated melting at glacier ice fronts.
As of this writing, there are currently no ice sheet-wide simulations which have been run with an
ocean forcing on the boundary that captures the ice front melt processes sufficient to drive inland
migration of ice fronts and the subsequent acceleration of ice that leads to sea level rise. And
there are certainly no configurations which attempt to couple ice models to ocean models at the
ice sheet scale — experiments which would capture potential feedbacks in the ice-ocean system that

may enhance or dampen the ice sheet response to sea level rise.

While ice sheet-wide modeling which includes an ocean forcing has not yet been attempted on an
ice sheet scale, there are several notable regional studies that capture these processes. For example,
Choi et al. [2017] found that, under enhanced ablation at rates of 5 m/d, Zachariee Isstrgm in the
NE sector of the ice sheet would retreat more than 30 km and accelerate substantially, leading to
a 16.2 mm rise in sea level from this glacier alone. This same approach was expanded in a regional
study by Morlighem et al. [2019], which found that for a portion of the NW sector of the ice sheet,
increased thermal forcing of 3°C would lead to a sea level rise of 10-30 mm from the retreat of 23
glaciers. These studies provide a framework by which ice sheet-wide estimates of sea level rise can
be driven by increased thermal forcing on the periphery of the ice sheet in an ice-sheet wide model.
With the development of these simulations, ocean warming projections can be linked to changes

on the ice and subsequent sea level rise.

Pending further advances in modeling, a recent study by Slater et al. [2019] has provided estimates of
ice front retreat based on correlation factors between records of ice front retreat and regional ocean

forcings. In this study, it was found that under the RCP4.5 scenario depicted above, glacier retreat
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will be minimal in the coming century, while under the RCP8.5 scenario, ice margin retreat will be
substantial. This study quantitatively corroborates the implications here, that future warming is

expected to cause widespread retreat and continued mass loss during the coming century.

°C

RCP 4.5 RCP 8.5

Figure 5.1: Future Ocean Warming Scenarios Around Greenland

Comparison of two ocean warming scenarios for a moderate (RCP4.5) and significant (RCP8.5) rise in greenhouse
gases emissions above current values.
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5.3 Recommendations for Future Advancements

In the course of this investigation, the full assessment of ocean temperature variability and cor-
responding changes in ice front melt on the recent evolution of Greenland’s marine terminating
glaciers has been hindered by several factors which should be pursued in subsequent studies to
improve our understanding of this complex system. These can be broadly broken down into four
main categories: improved observations, consistent ocean state estimates, processes at the ice-ocean

interface, and ice sheet modelling.

Observational Improvements While NASA’s Ocean’s Melting Greenland campaign has made
significant advances in mapping the fjord geometries and water properties around Greenland, there

are still areas for which observations are lacking.

In terms of bathymetry, this study has highlighted 50 glaciers for which the bed shape is likely
too shallow in the current version of the BedMachine product. These glaciers reflect regions where
future mapping should be concentrated as the majority of these examples are in fjords where
no measurements currently exist, leading to synthetically derived bathymetry values within these
fjords. The central east, northeast, and northern sectors of the the ice sheet contain the most
amount of these glaciers but even in the southwest where there are annual oceanographic surveys
conducted by the Danish Meteorological Institute, there are several glacier fjords which remain
un-mapped. Many of the glaciers with floating ice shelves represent areas where mapping should
be improved as well. Bathymetry mapping by boat is often difficult and dangerous in the terminus
regions of fjords where iceberg calving may occur at any moment and the surface waters are full
of brash ice which is largely impassible by ship. In these areas, the use of autonomous underwater
vehicles equipped with multibeam echo sounders may be required to accurately map the underwater

fjord environment.

For the oceanographic measurements, the vast quantity of CTDs provided by OMG has greatly
improved our understanding of the circulation and modulation of waters around Greenland, but

these measurements provide a relatively small snapshot in time. As glacial changes persist on the
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ice sheet, similar oceanographic measurements should be made, both on the continental shelf and
inside the fjords. There have been substantial recent advancements in the quantity and quality of
autonomous floats deploys in the global oceans, and these may provide some measurements around
Greenland in the coming decades. However, these floats operate by traversing the water column
and transmitting measurements back to research centers via satellite. In Greenland, where sea ice
conditions may persist for more than half of the year, enormous floating icebergs circulate around
the peripheral waters, and fjords are choked with ice mélange, these autonomous floats will not
be able to provide consistent measurements because they will not be able to access the surface to
transmit the collected data. Even in the OMG campaign, a few autonomous ALAMO floats were
deployed without a single measurement. Thus, an ongoing effort to conduct CTDs by either boat

or plane will be necessary to continue measuring water properties around Greenland.

Ocean State Estimates Much of this dissertation (e.g. Section 2.3.3) has been dedicated to the
description and calibration of ocean state estimates for use in the understanding changes on the
periphery of the Greenland Ice Sheet. The two estimates used here — the 4 km Solution and the
LLC270 Solution — offer very different pictures of the ocean state (e.g. Figure 2.6) which resulted
primarily from their resolution and the ways in which they incorporated existing measurements
into the modelled state. The 4 km Solution was superior in the transfer of heat through narrow
passages such as the Davis Straight, but without consistent assimilation of existing data, the model
solution has the potential to drift away from the potential real ocean state. Future modelling
efforts should be focused on high resolution configurations, particularly in regions which require
the resolution of eddies to obtain accurate heat transport. As high computational costs often
keep model resolutions relatively low, future advancements in ocean modelling should be aimed
at “nesting” higher resolution regimes into lower resolution models to capture eddies and other
smaller-scale phenomena. In addition to eddies on the continental shelf and other bathymetric
constrictions, substantial effort should be dedicated to the modulation of water properties within
the fjords. Even the eddy-resolving 4 km resolution employed here was not sufficient to observe the
transfer of heat across the continental shelf and into the fjords, leaving the modulation of water

profiles across this domain to be inferred by CTDs taken from within the fjords. The resolution
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of circulation within these fjords could be tackled using the same “nested” methodology suggested
above. With more accurate ocean models that capture fine-scale processes and encapsulate the vast
quantity of available oceanographic observations, the assessment of current and future temperature

variability on the retreat of Greenland’s glaciers will be vastly improved.

Ice-Ocean Interactions While substantial work has been pursued to characterize and quantify
processes at the ice-ocean interface, substantial uncertainty exists in the how these processes vary
across different fjords and ice front geometries. One of the major types of glaciers which remains
unresolved in parameterized models is those with floating extensions. Little is known about how
water enters and leaves the sub-ice tongue cavity, the circulation within these areas, and the pattern
of melt and possible refreeze on the ice itself. These uncertainties lead to questions in the extent to
which ocean temperature variability affects the stability of floating ice extensions and their influence
on ice from upstream. Future modeling efforts should be focused on identifying simple methods
for quantifying ice tongue melt and thresholds for their break-up. Using parameterizations such as
those provided by Cai et al. [2017], ice sheet models seeking to provide estimates of future mass
loss and sea level rise can capture the small number but significant contribution of these glaciers

as outlined in this study.

Ice Sheet Modeling As reflected in Section 5.2, developments in ice sheet modeling still require
substantial improvements to fully capture the progression of the ice sheet under future warming
scenarios. First, it is recommended that ice sheet models are run in a configuration in which param-
eterized ice front melt — with the Rignot et al 2016 parameterization, for example — can be applied
to investigate the retreat distance of the glaciers margins, and the subsequent ice acceleration and
mass loss from the ice sheet. These experiments will provide an improved estimate of ice sheet
mass loss by encapsulating processes which have historically been omitted from such projections.
However, to fully encapsulate processes on the ice-ocean interface, effort should be dedicated to-
ward the coupling of ice and ocean models. This will facilitate the investigation of feedbacks that
may diminish or enhance the effect of melt on retreat. One successful example of this application is

from Seroussi et al. [2017] who coupled the Ice Sheet System Model [Larour et al., 2012] to the MIT
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General Circulation Model [Marshall et al., 1997] to investigate the retreat of Thwaites glacier — an
experiment that, in this example, showed melt is overestimated without the influence of cold, fresh
meltwater associated with the melting processes. Applying this approach in an entire ice sheet and
regional ocean simulation would be exceedingly computationally expensive, but would provide the

most accurate numerical view of the ice sheet evolution in the future.
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