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DEDICATION

To my beloved family and friends

A man who keeps company with glaciers comes to feel tolerably insignificant by and by.
The Alps and the glaciers together are able to take every bit of conceit out of a man and

reduce his self-importance to zero if he will only remain within the influence of their
sublime presence long enough to give it a fair and reasonable chance to do its work.

— Mark Twain, A Tramp Abroad
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The mass balance of glaciers is influenced by their bed elevation below sea level, surface melt,

and ocean-induced ice melt at calving fronts. It is essential to know the glacier thickness,

bed elevation and fjord bathymetry to interpret the glacier evolution in the ongoing warm

climate. Traditional methods for mapping ice thickness from radar sounding fail in the

terminal valleys occupied by glaciers and near glacier calving fronts because of challenging

conditions: side returns, rough surface, warm ice, water inclusions. We had to explore new

ways to infer ice thickness. The advent of modern airborne gravimeters capable of sub

milligal precision made it possible to explore the usage of gravity. Such instrument had been

used widely for oil and mineral surveys and we applied it to glacier ice.

In this dissertation, we use airborne gravity data collected in August 2012 with a 0.5 mGal

precision at a spatial resolution 750 m, combined with measurements of the fjord bathymetry

and mass conservation reconstruction solution to obtain novel mapping of bed topography

for several glaciers in Greenland. We use both 2D and 3D modeling to interpret the gravity

data in these areas. The models are heavily constrained by geological information as much

as we got, such as ocean bathymetry data, rock density information from Geological Survey

of Denmark and Greenland with the selection of more optimized initial solutions. We use the

gravity misfit to quantify the uncertainty of the inversion. The inversion significantly reduces
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the gravity misfit from the initial bed, as expected. The gravity misfit ranges from −3 to +3

mGal, the nominal precision of our bed mapping is about 60 m. Our study demonstrated

the practical use of high-resolution airborne gravity to fill critical gaps in bed elevation in

Greenland, especially in deep fjords that cannot be surveyed with deep radar sounders. The

results provide more definite view of the bed topography of these major glaciers system than

available previously, meanwhile, at a spatial resolution of 750 m along the trough and with

an average precision of about 60 m.

This study provides simple guidelines for utilizing gravity data to obtain glaciers bed topog-

raphy and then to understand glaciers’ evolution in ongoing warm climate for both ocean

and atmosphere.
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Chapter 1

Introduction

Glacier ice covers about 10% of the Earth’s land surface at present time, including glaciers,

ice caps, and the ice sheets of Greenland and Antarctica. The Greenland and Antarctica

ice sheets together hold 33 million km3 of ice, representing enough water to raise global sea

level by 70 m (Rignot and Thomas , 2002). A tiny change in volume of these ice sheets due

to climate warming could have a big effect on global sea level. In 2006, the Greenland and

Antarctic ice sheets experienced a combined mass loss of 475 ± 158 Gt/yr and lost mass

at a combined rate equivalent to 1.3 ± 0.4 mm/yr of sea level rise (Rignot et al., 2011a).

This mass loss appear to from acceleration of the outlet glaciers and ice streams draining

the basins, producing increased flux across the grounding line into the ocean.

For Greenland itself, the contribution to sea level rise (SLR) increased from 0.23 ± 0.08

mm/yr in 1996 to 0.57 ± 0.01 mm/yr in 2005 (Rignot and Kanagaratnam, 2006). Increased

surface melting accounts for approximately one third of the mass loss from Greenland in

the last Decade (Rignot and Kanagaratnam, 2006). The change of surface elevation in West

Greenland can reach up to 1.5 m/yr (Pritchard et al., 2009) (Figure 1.1). The rest was

lost by increased calving related to glacier dynamics, therefore, ice dynamics dominates the
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contribution to SLR from Greenland ice sheet (GrIS). And also these processes will continue

to play an important role in the future. Both basal melting by sub-glacial warm water or

the dynamical instability near glacier grounding line could be the trigger for glacier calving.

Because the grounding line has been retreating, thicker ice columns will be exposed to warm

ocean waters, leading to further retreat of the grounding line. Current models used to

project the contribution to sea level from the GrIS due to climate change do not consider

the physical processes and hence do not account for the effect of glacier dynamics. So most

of the models only provide lower limits to the potential contribution from Greenland to

sea level rise. Greenland ice loss is accelerating by climate warming now, if more glaciers

accelerate father north, especially along the west coast, the mass loss from Greenland will

continue to increase above predictions. Thus understanding the glacial physics and putting

them into models are really desirable.

Figure 1.1: Rate of change of surface elevation for Antarctica and Greenland (Pritchard
et al., 2009).

Glaciers in other areas are also important elements of many landscapes: they release water,
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scour bedrock, cool the weather in summer, and advance down valleys or retreat into high

basins. Patagonia glaciers are the largest ice fields in the Southern Hemisphere outside

Antarctica. The Northern Patagonia Ice Field (NPI), located completely in Chile, and the

Southern Patagonia Ice Field (SPI), shared between Chile and Argentina. Their areas are

about 4200 and 13,000 km2 respectively. The ice lost from the largest 63 glaciers of NPI

and SPI during the period 1968/1975-2000, at a rate equivalent to a sea level rise of 0.042

± 0.002 mm/yr. And in the year 1995-2000, the mean ice-thinning rate to an equivalent sea

level rise is about 0.105 ± 0.011 mm/yr (Rignot et al., 2003). However, more studies are

needed because of few available mass balance data exist, giving a considerable uncertainty

in the estimation of its contribution to sea level rise.

1.1 Mass balance of Greenland Ice Sheet

Ice balance between net accumulation and loss of these two ice sheets are quite different.

The Antarctic ice sheet is about ten times as large as the Greenland ice sheet. Antarctica

dominates its own climate and the surrounding Southern Ocean, which is cold even during

summer. Hence, there is little surface melting, the ice attrition is mainly from basal melting

and iceberg calving from ice shelves. However, Greenland’s ice loss is primarily by surface

runoff and iceberg calving because of the nearby land mass and the warm North Atlantic

Ocean (Rignot and Thomas , 2002). There are three ways of measuring the mass balance of

an ice sheet. First, calculate the mass budget of an ice sheet. Net accumulation is inferred

from ice-core measurements, and net loss by melting, which the melt rates are estimated

from positive degree-day models (Braithwaite, 1995). The second method is measuring the

elevation change with radar altimeters and then translate to volume change over time. The

last way is weighing the ice sheets by the NASA’s Gravity Recovery and Climate Experiment

(GRACE) satellite measuring gravity change of the Earth. It shows how mass is distributed
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around earth and how it varies over time (Figure 1.2).

d e f

Figure 1.2: Rates of ice mass change in cm/yr of water from GRACE (a) January 2003
to November 2012, (b) January 2003 to December 2006, (c) December 2006 to November
2012 (Velicogna and Wahr , 2013), (d) RACMO2/GR modeled surface mass balance trend
(1958-2007) in kg/m2 (Ettema et al., 2009), (e) Distribution of 2003-2008 mass changes due
to SMB and D in Gt/yr (van den Broeke et al., 2009), and (f) Ice velocity map of Greenland
in m/yr (Rignot and Mouginot , 2012).

Based on the gravity mission from GRACE, in Greenland, the mass loss increased from 137

Gt/yr in 2002-2003 to 286 Gt/yr in 2007-2009 with an acceleration of 30 ± 11 Gt/yr2 in

2002-2009 (Velicogna, 2009). In Figure 1.2 abc, mass loss appeared in southeast Green-

land in 2003-2006, however, during the 2006-2012, the mass loss spread to northern side of

Greenland, especially along the northwest coast and the northeast (Velicogna and Wahr ,

2013; Khan et al., 2010). Also, the mass budget method qualified from surface mass bal-

ance (SMB) subtracting ice discharge (D) (Figure 1.2 e) is validated by GRACE. The mass
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loss in 2000-2008 is ∼ 167 Gt/yr, which is equivalent to 0.46 mm/yr global sea level rise

(van den Broeke et al., 2009). Ettema et al. (2009) employed high-resolution (∼ 11 km)

regional climate modeling to calculate the annual average SMB of 469 ± 41 Gt/yr for 1958-

2007 by subtracting total runoff (248 Gt/yr) and evaporation/sublimation (26 Gt/yr) from

total snowfall (697 Gt/yr) and rainfall (46 Gt/yr). The GrIS SMB has increased rapidly

since 1990 (Rignot et al., 2008) (Figure 1.2 d). Interferometric synthetic aperture radar

(InSAR) observations have revealed widespread glacier acceleration along the coast of GrIS

(Rignot and Kanagaratnam, 2006) (Figure 1.2 f). Greenland mass loss is doubled with the

contribution to SLR from 0.23 ± 0.08 mm/yr in 1996 to 0.57 ± 0.1 mm/yr in 2005 (Rignot

and Kanagaratnam, 2006). Greenland is dominated by tidewater glaciers, which drain 88%

of the ice area (Rignot and Mouginot , 2012). In 2006, the total mass loss from Greenland

is 250 ± 40 Gt/yr, which equivalent to 0.6 ± 0.4 mm/yr SLR (Rignot et al., 2011a). Be-

tween January and September in 2012, Greenland reveals a large mass loss (700 ± 100 Gt)

by GRACE (Velicogna and Wahr , 2013). The GrIS not only experienced more total melt,

but the melt was more persistent, and the summer temperature became the warmest in the

Satellite-derived moderate-resolution imaging spectroradiometer (MODIS) record (-6.38 ±

3.98◦C). (Hall et al., 2013).

1.2 Oceanic forcing of Greenland’s glaciers

Rignot and Kanagaratnam (2006) indicated that one third of the mass loss from Greenland

in the last decade was due to increased surface melting. The rest was lost by increased

calving related to glacier dynamics. What is the trigger for glacier calving? It is uncertain

whether this is due to basal melting caused by sub-glacial warm water or the dynamical

instability near glacier grounding line. Large areas of the ice sheets have a bed deepening in

the inland direction because of thicker ice in the middle. In these areas, when the grounding
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line retreats, thicker ice columns will be exposed to warm ocean waters, leading to further

retreat of the grounding line. Thus it is desirable to improve our understanding of the physics

of glaciers so that we can improve the models used to predict sea level rise. Knowing the

glacier basal topography and behaviors of ocean currents can determine (1) how the seawater

flows in front of the ice (2) how much water can reach the glaciers grounding line, and (3)

whether the heat coming from ocean will reach the ice.

The majority of Greenland’s glaciers are marine-terminating glaciers, and the mass balance

of these tidewater glaciers are controlled by calving, like Helheim and Kangerdlugssuaq

(Stearns and Hamilton, 2007), Jakobshavn Isbræ (Thomas et al., 2003; Joughin et al., 2008)

and Store Glacier (Xu et al., 2013), with a relatively short ice tongues or grounded termini

(Figure 1.3 a). They are typically grounded several hundreds of meters below sea level at the

head of long (10-100 km), narrow (< 10 km) fjords (Straneo and Heimbach, 2013). Then the

ice flow at the glacier front, accumulation of ice mélange and ocean water circulation really

depend on how the fjords setting are (MacAyeal et al., 2012, e.g.). By contrast the mass

loss of the glaciers found in the north of Greenland, such as Petermann Glaciers (Rignot and

Steffen, 2008) and 79 North Glacier (Mouginot et al., 2015) with long floating ice tongues

(Figure 1.3 b), is due mainly to surface and submarine melting.

The ocean currents near Greenland are influenced by the cyclonic sub-polar gyre circulation

of the North Atlantic and the Arctic region (Figure 1.4). The warm and salty water from

the subtropical Atlantic is carried by the Gulf Stream northward, and then moves toward

the east with the North Atlantic Current (NAC) (Holland et al., 2008; Straneo et al., 2012).

In West Greenland, the water masses are a mixture of cold low-salinity Polar Water (PW)

and warmer and saltier Irminger Water (IW). The surface circulation is dominant by the

northward West Greenland Current (WGC) (Ribergaard , 2013). As the water travels north

with heat loses at high latitude, the water temperature is 10 ◦C in southeast Greenland, and

becomes to ∼ 5◦ C, ∼ 3◦ C and ∼ 1.5◦ C when it travels to the northwest Greenland (Figure
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Figure 1.3: Glacier type (a) tidewater glacier and (b) floating ice tongue glacier (Straneo
et al., 2013).

1.4). The temperature is from the conductivity-temperature-depth (CTD) profiles collected

in the vicinity of five major glaciers, which are: Nioghalvfjerdsbræ (or 79 North Glaicer),

Kangerdlugssuaq Glacier, Helheim Glacier, Jakobshavn Isbræ and Petermann Glacier be-

tween 2003 to 2010 (Straneo et al., 2012). The other branch of NAC travels anticlockwise to

the east side of Greenland becoming Norwegian Atlantic Current, and then back along the

east coast of Greenland with a temperature of ∼ 1.5◦ C at 79 North Glacier.

Widespread glacier acceleration occurred during the last decade (Rignot and Kanagaratnam,

2006) concurrently with a warming of nearby ocean waters leading to the suggestion that

the ocean warming was the cause of the acceleration (Holland et al., 2008; Murray et al.,

2010; Motyka et al., 2011; Rignot et al., 2012). If the glacier retreat was due to oceanic
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a

Figure 1.4: (a) Ocean temperature anomalies at 250 m from a 4 km horizontal resolution
simulation by the MITgcm ocean circulation model with respect to the 1992-2009 simulation
period (Rignot et al., 2012), (b) Circulation of warm Atlantic (red to yellow) and cold Arctic
(blue) water masses around Greenland. Numbers indicate the mean temperature (◦C) of the
Atlantic water on the continental shelf (Straneo et al., 2012).

warming, then we may expect the changes of glacier will continue. Yin et al. (2011) with

the climate models predicted that the maximum ocean warming around Greenland will be

almost double the global mean with a magnitude of 1.7-2.0 ◦C. However, the mechanisms

linking ocean warming and glacier retreat are still uncertain because of limited long-term

observational records of glaciers and fjords and also because of a limited understanding

of the relevant glacier dynamics. Water circulation and distribution in front of tidewater

glaciers or underneath glacier ice shelves is determined by fjord geometry, which including

its width, depth, presence or absence of shallow sills. Therefore, detailed knowledge of

the continental shelf and fjord bathymetry is essential for ascertaining which glaciers are

vulnerable to interannual Atlantic Water temperature variations (Fenty et al., 2016).
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1.3 Importance of glacier bed topography and sea floor

bathymetry

Knowledge of sub-ice topography develops slowly. That is because it requires accurate

measurements of the ice thickness and ocean bathymetry. Ice thickness or upper geologic

features can be determined by radar, which does not work with thick ice (> 2 km), high

surface clutter and temperate ice near the bottom. And it is difficult, expensive and time-

consuming to collect accurate bathymetry information underneath the ice shelves or in fjords

directly. Sometimes, the ocean survey is dangerous because of ice breaking-up.

Historical records suggest that humankind have explored the northern extremes since 325

BC by the ancient Greek sailor Pytheas. A driving force for the exploration of the Arctic

was the desire of European monarchs to find an alternate trading route to China, either a

Northwest Passage along the coast of North America, or a Northeast Passage along the coast

of Siberia. With the development of navigation gears and more and more expeditions by

pioneers, Arctic is not far away from us as before. In 1910-1915, the Russian Arctic Ocean

Hydrographic Expedition represented an effort by the Imperial Russian Navy to explore,

survey and chart the Northern Sea Route with a view to developing it as a commercial

route (Institution, 2006). During the Cold War, people began to use nuclear submarines to

collect echo sounding data in Arctic Ocean (AO). In 1993, the United States Navy and the

marine research community embarked on an ambitious program called SCience ICe EXercise

(SCICEX) to study the AO using nuclear-powered submarines (Edwards and Coakley , 2003).

As the technology developed, powerful icebreakers, hovercraft (Hall and Kristoffersen, 2009)

have been instrumental in mapping the AO sea floor. For some fjords full of sea ice or ice

mélange, such as Jakobshavn Isbræ and Helheim Glacier, which cannot be accessed by

commercial vessel, helicopters were used to drop depth sounders into the ocean fjord with

positions taken by global positioning system (Holland et al., 2008).

9



In 1997, a project called the International Bathymetric Chart of the Arctic Ocean (IBCAO)

initiated and released its first gridded bathymetric map in 1999 of the region surrounding

the Arctic Ocean (IBCAO , 2011). With updated new data sets collected from the circum-

Arctic nations, and other data from fishing vessels, US Navy submarines and ships of various

nations, the IBCAO Version 3.0 is on a 500 m grid, much greater details of the Arctic sea

floor than IBCAO Version 1.0 (2.5 km) and Version 2.0 (2.0 km) (Jakobsson et al., 2008).

And there are much more multibeam surveys coverage in Version 3.0 (∼ 11 %) than Version

2.0 (∼ 6 %) (Figure 1.5) (Jakobsson et al., 2012). Rignot et al. (2016) presents a nearly

Figure 1.5: Circulation of warm Atlantic (red to yellow) and cold Arctic (blue) water masses
around Greenland. Numbers indicate the mean temperature (◦C) of the Atlantic water on
the continental shelf (Straneo et al., 2012).

complete bathymetric survey of Uummannaq and Vaigat Fjords in Central West Greenland,

assembled from multibeam echo sounding data (MBES) over a 10-year period (Figure 1.6).

This survey extends from the continental shelf to the glacier fronts, which is critical for under-

standing the glacier evolution. Inspired by the success of these mappings, NASA established

a five-year Oceans Melting Greenland (OMG) mission, providing critical information about

ocean-driven Greenland ice mass loss in a warming climate. In summer 2015, the first sea
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Figure 1.6: (a) Bathymetry of Uummannaq and Vaigat Fjords from MBES acquired in
2007-2014 (Rignot et al., 2016). (b) IBCAO Version 3.0 (Jakobsson et al., 2012).

Figure 1.7: The OMG multibeam sonar ship survey in yellow lines, and airborne gravime-
try (AIRGRAV) campaigns in green polygons. (a) 2015 August, (b) 2016 September, (c)
northeast sector, no ship survey is possible (Fenty et al., 2016).
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floor measurement campaign with a ship-based multibeam sonar survey was launched to

map the important shelf and glacier fjords in Northwest Greenland (Fenty et al., 2016). The

whole mission sea floor mapping will focus on the areas with marine-terminating glaciers in

Greenland: the northwest, the southeast, and the northeast (Figure 1.7). As OMG will track

the ocean conditions and ice loss for glaciers around Greenland through 2020, we will have

more information then. Morlighem et al. (2016) using a mass conservation approach, com-

bined OMG bathymetry with observations of ice velocity and thickness to obtain bed depth

and ice thickness across the ice-ocean boundary with unprecedented accuracy and reliability.

In regions where bathymetry measurements are sparse, a method conditioned by survey of

terrestrial glacial valleys as well as existing sinuous feature interpolation schemes is used to

generate synthetic fjord bathymetry for coastal Greenland, which is developed by Williams

et al. (2017). With more and more accurate measurements of gravity, scientist started to

use gravity data to invert glacier bed topography or fjord bathymetry. In recent studies,

Cochran and Bell (2012) using the Parker-Oldenburg technique (Oldenburg , 1974) inverted

the NASA Operation IceBridge (OIB) gravity data for continental shelf bathymetry beneath

the Larsen Ice Shelf, Antarctica. Greenbaum et al. (2015) combined gravity, magnetic data

and 2D, 3D models together identifying a cavity for the ocean access beneath the Totten

Glacier in East Antarctica. Gourlet et al. (2016) used much higher resolution gravity data

to investigate the ice thickness of the northern half of the Patagonia Ice fields. With OIB

gravity, Millan et al. (2017) inferred the bathymetry of sub-ice shelf cavities in front of Pine

Island, Thwaites, Smith, and Kohler glaciers in West Antarctica. In this dissertation, we

mainly present 3D inversion of the gravity data along the ice fronts constrained by the MBES

data at sea and the MC reconstruction inland. We evaluate the precision and uncertainty

of the inferred bed elevation and compare the results with earlier mappings. We discuss the

impact of the new mapping on our understanding of the recent and future evolution of these

major outlet glaciers in Greenland. Details are represented in Chapter 3 and Chapter 4.
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1.4 Outline of this dissertation

In Chapter 2, we present our high-resolution gravity data collected in several Greenland

glaciers and glaciers of Patagonia in 2012, introduce the methods we used to interpret gravity

data. In Chapter 3, 2D profile modeling on three glaciers, Petermann Glacier, Northwest

Greenland and Store Glacier, Jakobshavn Isbræ in West Greenland. In Chapter 4, 3D

modeling of Store Glacier, Jakobshavn Isbræ (An et al., 2017), Sermeq Avangnardleq and

Kujatdleq in Torssukatak Fjord in West Greenland, Helheim Glacier in Southeast Greenland.

Chapter 5 summarizes the major findings of this dissertation and discusses implications for

future studies.
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Chapter 2

Gravity and magnetic data study and

previous bathymetry study

The gravity method is a passive geophysical exploration based on the measurement of varia-

tions in the gravity field caused by the horizontal variations of density within the subsurface.

And the magnetic method is the oldest and one of the most widely used geophysical tech-

niques for exploring the Earth’s subsurface since it was first used to locate the iron ore

deposits in the seventeenth century. These two methods have developed rapidly over the

past century because of significant technological advances and been mostly used to search

out and investigate natural resources such as oil, gas and coal to fulfill human demands.

There are several reasons for why the gravity and magnetic methods are so attractive to ge-

ologists and geophysicists. First, they could satisfy for application with a reasonable density

and precision observation based on different measuring platforms. Second, although these

methods may have a limitation in spatial resolution, which is not high enough for the entire

earth, they are still useful in many regional investigations or could serve as background for

the more localized studies, i.e., a glacier or an ice shelf. Last and the most important reason

is gravity is especially sensitive to near vertical subsurface interfaces, which are difficult to
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map with other equipment like the higher-resolution ground-penetrating radar. And the

measurements with seismic techniques are really time-consuming (Cochran and Bell , 2012).

Using satellite gravity measurements to determine the ocean floor bathymetry was presented

by David T. Sandwell. The satellite cannot see the ocean floor from space directly, but the

ocean surface has broad bumps and dips that mimic the topography underneath, and these

sea floor features can be expressed by the extra gravitational attraction. This method is

currently the only way to achieve globally uniform resolution within reasonable time and

cost (Smith and Sandwell , 2004).

There are few studies on bathymetry based on airborne gravity data. Studinger et al.

(2004) using aero-gravity data by US National Science Foundation’s Support Office for Aero-

geophysical Research (SOAR) produced the first bathymetry map covering the entire Lake

Vostok in East Antarctica. NASA organized an Operation IceBridge (OIB) campaign since

2009 to monitor the cryosphere and to fill the gap between the two ICESat missions (The

Ice, Cloud and land Elevation Satellite (ICESat) was launched by NASA in 2003 to monitor

ice sheet mass balance using laser altimeter. Its science mission ended in February 2010.

A follow-on satellite, ICESat-2, is scheduled to launch in 2018). The primary goal of grav-

ity measurements within OIB is to ’infer bathymetry beneath ice shelves and sub-ice sheet

bed topography beneath outlet glaciers that cannot be mapped by radar’ (Cochran et al.,

2011). Utilizing the OIB airborne gravity data, bathymetry underneath the Larsen ice shelf

and Thwaites glacier in Antarctica have already been determined. For Larsen C ice shelf,

the geometry of the water-filled sub-ice cavity is determined by combining new bathymetry

measurement with other data (Cochran and Bell , 2012). Determining the bed elevation for

glaciers is quite different from bathymetry under floating ice shelves. Because of different

scale of features being investigated and area of interests extending to grounded ice, the mass

of ice itself must be included. With OIB airborne gravity data, Tinto and Bell (2011) had

reorganized a bathymetric ridge 40 km in front of current grounding line, which is the key
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part of the recent ungrounding history for Thwaites glacier. Muto et al. (2013) used OIB

gravity data combining with autonomous underwater vehicle (AUV) data to invert the height

of the water column and sediment layer underneath the Pine Island Glacier (PIG) ice shelf

and surrounding areas.

2.1 Data

The gravity and magnetic data I will use in my research is obtained through airborne surveys.

For geologic purposes, the accuracy of gravity measurements is usually on the order of 10−8

to 10−9 for 0.01 to 0.001 mGal resolution of the Earth’s gravitational field, for which highly

sophisticated instruments and rigorous survey procedures are needed. Resolution in gravity

data is commonly expressed in terms of the minimum half-wavelength that can be readily

mapped in a survey provided the amplitude of the signal exceeds the accuracy limits of the

observations and reductions. Resolution is a function of the measurement interval, either real

or virtual Hinze et al. (2013, 89). In land-based measurements, the resolution is controlled by

the actual data interval. However, for measurements on moving platforms, a virtual interval

is the main character for resolution, which is established after required filtering to remove

undesirable noise due to the platform itself. In this dissertation, we mainly focus on airborne

gravity data, which the gravity data is measured by gravimeter mounted on an aircraft.

2.1.1 Data acquisition

Survey Equipments

We use airborne gravity data collected in August 2012 onboard a helicopter using the Sander

Geophysics Ltd (SGL)’s airborne gravity system, Airborne Inertially Referenced Gravimeter

16



(AIRGrav) (Argyle et al., 2000) (Figure 2.1). This helicopter is a modern twin-engine light

helicopter powered by two Allison C20F turbine engine, which was outfitted with SGL’s low

level airborne geophysical survey instruments. A survey GPS antenna was mounted on the

tail fin, clear of the rotor. The gravimeter and the survey computers were installed in the

rear cabin of the aircraft. A monitor was installed above the flight instruments dashboard

allowing the pilot in command to use the SGL guidance display and the navigator to operate

the navigation system and ensure the acquisition system was operating under optimum

parameters.

Figure 2.1: GBMF gravity survey Eurocopter AS-355 F2 helicopter and the Sander Geo-
physics Ltd (SGL) AIRGrav system.

The AIRGrav system achieves unprecedented spatial resolution (750 m) and precision (0.5

mGal) in gravity mapping. It is an inertially-referenced gravimeter that uses a Schuler

tuned inertial platform (Cochran and Bell , 2012). The primary gravity sensor is the vertical

accelerometer, which is held within 10 arc-seconds (0.0028 degree) to the local vertical. With

suitable post-processing, the accelerometers and gyroscopes are sufficient to determine the

vector gravity components to the sub mGal level (1 mGal=10−5 m2/s). Another important

character of AIRGrav is that it is capable of drape flying over terrain, i.e. provide reliable

estimates of the free air gravity anomalies even when the system does not fly at a constant

elevation (Argyle et al., 2000; Studinger et al., 2008). The final resolution and accuracy of

the AIRGrav data depend on the survey design. Slower aircraft speed and tighter flight line

spacing improve the resolution and accuracy, and more details are discussed later. Typical
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surveys deliver data with noise levels better than 0.5 mGal with a half sine wave ground

resolution ranging from a few 100 m to a few km depending on the survey speed.

Novatel OEM4 and OEMV GPS receivers, and data loggers provide average position of the

helicopter and raw range information at 10 Hz. The comparative navigation data supplied

during production flights allows the for GPS corrections to be post-processed differently

for every survey flight. The helicopter also carried a Riegl LD90-31K-HiP Infrared Laser

Rangefinder with a range of 1,500 m, a resolution of 1 cm, an accuracy of 5 cm, and a data

rate of 3.3 Hz. SGL proprietary geophysical software was used for AIRGrav data processing.

As the Gordon and Betty Moore Foundation (GBMF) funded the survey, we refer to the

free-air gravity anomaly data as the GBMF gravity data through all my thesis.

Survey Specifications

For Greenland, we surveyed a 250-m spacing grid for Store Glacier and 500-m spacing grids

for several glaciers including Jakobshavn Isbræ (JI), at an average ground speed of 56 knots

(29 m/s), with a target ground clearance of 80 m. NASA OIB surveyed Greenland with

AIRGrav from year 2010 to year 2012 at a ground speed of 292 knots (∼ 150 m/s) with a

500-m clearance. The slower flight speed and tighter spacing of the GBMF data yields a

data grid with a spatial resolution of 750 m versus 5,200 m along-track for the OIB data

filtered with a 35 s half-wavelength time filter. The spatial resolution of the GBMF data is

therefore 6 times better than OIB. The parameters of two gravity surveys are listed in Table

2.1. We evaluate the measurement error of the 750-m gridded data at 0.5 mGal based on an

analysis of cross-over errors.

Aircraft altitude The gravity signal decreases as 1/r, where r is the distance from aircraft

to the mass responsible for the gravity. So the gravity anomaly amplitude will increase as the
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Table 2.1: Survey parameters between OIB and GBMF

Variables OIB GBMF
Aircraft type NASA DC-8, P-3 Eurocopter AS355-F2
Aircraft speed (knots) 140-150 (∼270-290 m/s) 56 (∼29 m/s)
Aircraft altitude (m) 500 80
Line spacing 10+ km 500 m (Store glacier is 250 m)
Grid cell size (m) 2000 200
Half-wavelength filter 35 s - 50 s - 70 s 20 s - 28 s - 36 s - 42 s
Resolution (horizontal) 5.25 km - 7.5 km - 10.5 km 514 m - 720 m - 925 m - 1079 m

increasing distance above their sources. At the same time, the short wavelength components

are attenuated very fast. Thus there is a loss of resolution with increasing aircraft altitude

(Figure 2.2).

Figure 2.2: Gravity anomalies measured at different elevations above bodies with widths of
2, 5, and 15 km. Bodies are assumed to be two-dimensional and to extend from the Earth’s
surface to a depth of 1 km with a density contrast of 1.8 g/cm3 (Cochran et al., 2011).

Aircraft speed To get the accelerations from Earth gravity field, we need to subtract

the aircraft’s acceleration from the gravimeter measurements, which is computed using GPS

signal. The GPS signal contains noise that is time dependent, increasing exponentially at

shorter wavelength and is the dominant source of error at short wavelengths. Hence, all the

gravity line data needs to be low-pass filtered in time to remove this noise (Lowrie, 1997).

In large-scale crustal structure, the gravity anomalies due to local small bodies are of less
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interest that the regional anomalies, which can be enhanced by applying a low-pass filter.

The spatial length of the filter is dependent on the aircraft speed. Thus, the quicker an

aircraft flies, the lower resolution it obtains (Figure 2.3).

Figure 2.3: Variation of the spatial half-wavelength of th filter used in gravity data reduction
as a function of aircraft speed. The blue band shows the typical range of survey speeds during
OIB (Cochran et al., 2011).

Flight line Gravity observations are designed to capture the gravity signature of the

bedrock below the glaciers. The flight line direction varied depending on the orientation

of the glacier and the surrounding terrain. Due to the irregular shape of the survey area and

the roughness of the terrain, there are no definite line directions and the control lines are not

always equally spaced. Line directions need to be chosen carefully to avoid steep terrain gra-

dients, maximize glacier coverage, and to maintain uniform ground clearances. During our

gravity survey, the line spacing of Store Glacier is 250 m, and for the other blocks (EqipTor,

Jakobshavn Isbræ and Helheim Glacier) is 500 m. Generally, higher accuracy and shorter

resolutions require closer line spacing.
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Discussion

We use the GBMF data to simulate the impact of a change in aircraft speed and ground clear-

ance on the spatial resolution, noise level, and magnitude of the gravity anomalies recorded

over the JI trough as an example. Height changes are simulated by upward continuing the

GBMF data to a new height of the aircraft (Figure 2.4).
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Figure 2.4: Comparison of NASA Operation IceBridge (OIB) and GBMF free-air gravity
anomalies measured over Jakobshavn Isbræ (JI), West Greenland, along profile BB′ (Figure
4.17) using (a) increased platform speeds only and (b) both increased speeds and terrain
clearance heights. Platform speeds are simulated using the ratio of original and target speeds
to rescale a time based low pass filter. Higher terrain clearances are calculated using upward
continuation of the GBMF gravity grid. The results show that the GBMF free-air gravity
anomalies in the 750 m half-wavelength grid (approximately 26 s equivalent half-wavelength
time filter at 29 m/s flight speed) capture the true gravity anomaly associated with the JI
trough whereas the OIB 35 s half-wavelength time filter data underestimate its magnitude
mainly due to a higher ground clearance and a higher survey speed.

Speed changes are simulated by increasing the duration of the time filter applied on the

GBMF data. Faster speeds and higher ground clearances reduce the spatial resolution and

the amplitude of the gravity anomalies recorded over the trough. We also evaluate the

impact of applying different filter lengths on data resolution and data noise (Figure 2.5.
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GBMF gravity data with 20, 28, 36, and 42 s half-wavelength filters provide similar gravity

anomalies over the JI trough, except for a reduction in data noise for the longer filters (Figure

2.5).
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Figure 2.5: Free-air gravity anomalies recorded over Jakobshavn Isbræ, West Greenland,
along a single line of data that followed profile BB′ (Figure 4.17) displayed with different
half-wavelength time filters applied: 20 s (green), 28 s (dark blue), 36 s (purple), and 42 s
(cyan). The length in meters indicates the corresponding half-wavelength spatial resolution
for each time filter at the 29 m/s average flight speed. The gridded data, shown sampled
along the same track with 1000-m (red) and 750-m (dark red) half-wavelength grid-based
filter, are smoother than the equivalent time-based filter of the single line.

This similarity indicates that the GBMF data fully resolves the gravity anomaly associated

with the JI trough. The gravity anomaly along profile BB′ decreases rapidly when the

aircraft speed exceeds 70 m/s (Figure 2.4). At 140 m/s, the gravity anomaly is reduced by

10 mGal, which would translate into an error in bed elevation of 200 m. With the OIB data,

which include both higher speed (140 m/s) and higher ground clearance (450 m), the gravity

anomaly is 25 mGal too low above the JI trough, i.e. the data would yield a bed elevation

500 m too high. Changing the ground clearance has a stronger impact on data quality than

changing the speed (Figure 2.4). Upward continuing the data to the OIB height reduces
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the gravity anomaly by 23 mGal, equivalent to 460 m of ice. Upward continuing the data

to 250 m height reduces the gravity anomaly by only 8 mGal or 160 m of ice equivalent.

We conclude that while there is flexibility in aircraft speed below 70 m/s, it is critical to

maintain a ground clearance < 200 m to detect the gravity anomaly over JI trough within

less than 5 mGal.

2.1.2 Data processing procedures

For an observation site, the observed and theoretical gravity are two fundamental compo-

nents. The difference between these two is defined as gravity anomaly. There are three

types of gravity anomalies: planetary, geological and filtered anomalies based on the differ-

ent assumptions made in the calculation of theoretical gravity. Free-air gravity anomaly I

used for my entire research is belong to planetary anomalies, which takes into account the

latitudinal change in gravity on th Earth’s best fitting ellipsoid represented by GRS-80 and

vertical change in gravity between the reference datum and the observation height assuming

that the gravity station is located in free air (Hinze et al., 2013, 145).

The gravimeter mounted on the aircraft collects gravity accelerations including variations

of earth gravity field and accelerations produced by aircraft motions. The gravity data are

recorded at 128 Hz and are filtered and decimated to 10 Hz to match GPS measurements.

Gravity is calculated by subtraction the GPS-derived aircraft accelerations from the inertial

accelerations. And then the measured gravity is corrected by the theoretical gravity from

the latitude at the observation point.

The free-air gravity anomaly is given as:

∆g = graw − gplane − gnormal − gEötvös − gfa − gsc − glc (2.1)
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where graw is raw accelerations; gplane is GPS-determined aircraft accelerations (in sur-

vey flying, accelerations in an aircraft can reach 0.1 G, equivalent to 100,000 mGal), so

gmeasured = graw − gplane; gnormal is the theoretical gravity based on the latitude of the ob-

servation point; gEötvös is the change in perceived gravitational force caused by the change

in centrifugal acceleration resulting from eastbound or westbound speed; gfa is free-air cor-

rection, which accounts for the height of the aircraft in meters above the GRS-80 ellipsoid;

gsc is static correction, based on static ground recordings and repeat lines; glc is the level

correction, based on line intersections. Data processing must extract gravity data from this

very noisy environment. The resulting anomalies are decimated to 2 Hz and low-pass filtered

to avoid introducing bias in the data. All processing of the GBMF airborne gravity data

was performed by SGL proprietary geophysical software.

2.1.3 Data coverage — Greenland and Patagonia

SGL conducted airborne helicopter high-resolution gravimetric survey in Greenland and

Patagonia, Chile under contract with The Regents of the University of California, Irvine, for

the Gordon and Betty Moore Foundation.

Greenland

The production flights commenced on August 16, 2012 and were completed on August 27,

2012. The survey blocks are located over the Eqip Sermia (EQIP), Kangilerngata Ser-

mia (KANGIL), Sermeq Kujatdleq (KUJ), Sermeq Avangnardleq (AVA), Store, Jakobshavn

Isbræ (JI) and Helheim outlet glaciers. An additional block, North Store, was included in the

planning but not flown (Figure 2.6). My research mainly focuses on glaciers in Greenland.
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Figure 2.6: GBMF gravity survey in Greenland (left), Gravity anomalies on (A) a set of 5
glaciers north of Ilulissat, (B) Jakobshavn Isbræ in central West Greenland, (C) Helheim
Glacier in East Greenland. Color coded from blue (smaller gravity anomaly) to magenta
(larger gravity anomaly).

Patagonia, Chile

The survey in Patagonia was conducted in two phases, using two Eurocopter AS350 heli-

copters rented from Helicopters cl, registration CC-CDN (AS350 B3) and CC-ABT (AS350

B2). Production flights commenced on April 29, 2012 and were completed on November

19, 2012. A total of 9 flights were flown during the first phase (April to June, 2012) of the

project and 12 flights in the second (October to November, 2012). The survey area covered

most of the Northern Patagonian Ice Field (NPI) and the northern part of the Southern

Patagonian Ice Field (SPI). NPI blocks include the plateau flown at lower resolution and the

three blocks flown with denser line spacing named after their respective glaciers San Rafael-

Qiontin, Steffen, and Colonia. SPI blocks include the plateau flown at lower resolution as

well and three higher resolution blocks named Jorge Montt, O’Higgins and Occidental-Greve.

All coordinates are in the WGS-84 datum, UTM zone 18S (Figure 2.7).
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Figure 2.7: GBMF gravity survey in Patagonia (right) (Rignot et al., 2003), Gravity anoma-
lies on (A) Glacier San Rafael, to the right of Laguna San Rafael, at the northern end of
NPI, (B) Glacier Steffen at the southern end of NPI, (C) Glacier Colonia on the eastern
flank of NPI, and (D) Glacier Jorge Montt at the northern tip of SPI. Color coded from blue
(smaller gravity anomaly) to magenta (larger gravity anomaly).

2.2 Methods

A simple gravity survey is used to isolate bedrock highs, can be interpreted in a qualitative

way. However, for a complex survey when I need to determine the bedrock configuration, then

a more quantitative interpretation uses inversion to quantify possible geometric and physical

property parameters of the subsurface that can satisfy the observed data (Hinze et al., 2013,

10). The important element of inversion is the forward model that produces a synthetic

set of estimates or effects for comparison with the actual observations. Thus, an acceptable

subsurface model is judged by how well the modeled effects match the observed data in

amplitude and shape after an iterative process. This approach is suitable for processing a

relatively small data set and a simple subsurface model, which only contains a few unknown
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parameters that need to be evaluated. If problems involve large numbers of observations and

model unknown, then inverse modeling approaches are desirable.

2.2.1 2D and 3D models

For most interpretations, it is important to decide whether interpreting with profiles or maps.

Profile interpretation is commonly performed on the main profile, which could go through the

maximum or minimum amplitude of the gravity or magnetic anomaly and is perpendicular

to the anomaly contours. A single profile is a relatively simple and efficient way to do

interpretation; also, if there is a seismic or geologic cross-section in the same region, then

profile interpretation could be the best choice. Usually, profile interpretation is described as

a two-dimensional (2D) model. An assumption of an infinity extension of the geologic cross-

section with no change is usually made during the profile interpretation procedure. It has

proved much more fruitful to undertake forward modeling of individual profiles, using radar

data over grounded areas and any available bathymetric information as tie points to constrain

the models. Map interpretation assumes a finite extent of sources within the boundaries of

the map. Gravity data is acquired along multiple parallel lines that are perpendicular to the

anticipated strike direction of the source of interest. More commonly data can be acquired

on a regular grid pattern with one grid direction perpendicular to the main geological strike

of the region. However, the three dimensional (3D) interpretation methods with exhaustive

details are more complex and time-consuming than 2D interpretation techniques. Thus, it

is important to evaluate the contour map pattern for anomalies and determine the nature of

the data before deciding which interpretation methodology will be selected.
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2.2.2 Forward modeling

Talwani et al. (1959) had come up a new idea to do the gravity computations for irregular geo-

logical structures by approximating it to an n-sided polygon. Generally, any two-dimensional

body can be approximated nearly to a polygon by making this polygon with enough numbers

of sides. Then the vertical and horizontal gravity accelerations to this polygon could be calcu-

lated through analytical expressions at any given location. The accuracy of this computation

relies on how well the polygon fits with the geological structures. Then this can be improved

by increasing the number of polygon’s sides, which is the method we used in 2D modeling in

chapter 3.

Figure 2.8: Geometrical elements involved in
the gravitational attraction of an n-sided poly-
gon (Talwani et al., 1959).

In figure 2.8, ABCDEF is the given polygon

with n sides and P is the point at which the

gravity attraction wanted to be determined.

The polygon and point P all lie in the xz

planes (z is defined positive downwards). θ

is measured from the positive x-axis to the

positive z-axis. The vertical gravity attrac-

tion of this two-dimensional body is equal to

2Gρ
∮
zdθ.

The integral is taken along the sides of this

polygon, where G is the universal constant of gravitation and ρ is the volume density of the

geological body. Similar equation to calculate the horizontal gravity attraction is given by

2Gρ
∮
xdθ. Let PQ = ai,

z = x · tan θ (2.2)
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From any point R on BC,

z = (x− ai) · tanϕi (2.3)

From equation 2.2 and 2.3, z = ai·tan θ·tanϕi

tanϕi−tan θ
, or

∫
BC

zdθ =
∫ C

B
ai·tan θ·tanϕi

tanϕi−tan θ
dθ ≡ Zi. Similarly

it can be shown that
∫
BC

xdθ =
∫ C

B
ai·tanϕi

tanϕi−tan θ
dθ ≡ Xi. Then the vertical gravity attraction

V and horizontal gravity attraction H for whole polygon can be given respectively by V =

2Gρ
∑n

i=1 Zi and H = 2Gρ
∑n

i=1 Xi. Now if the integrals involved in Zi and Xi are solved,

then we will get the vertical and horizontal gravity attraction in the end. The most general

cases can be shown as

Zi = ai · sinϕi · cosϕi · [θi − θi+1 + tanϕi · ln
cos θi(tan θi − tanϕi)

cos θi+1(tan θi+1 − tanϕi)
] (2.4)

Xi = ai · sinϕi · cosϕi · [tanϕi(θi+1 − θi) + ln
cos θi(tan θi − tanϕi)

cos θi+1(tan θi+1 − tanϕ1)
] (2.5)

Where θi = tan−1 zi
xi
, ϕi = tan−1 zi+1−zi

xi+1−xi
, θi+1 = tan−1 zi+1

xi+1
, and ai = xi+1 − zi+1

xi+1−xi

zi−zi+1
.

With the density of different geological bodies, the gravity attraction in both vertical and

horizontal directions at a given point can be computed by the expressions above.

2.2.3 Inverse modeling

The inversion of gravity data for bathymetric relief will use Parker-Oldenburg technique

(Oldenburg , 1974). Parker (1973) calculated the gravity anomaly caused by an uneven,

uniform layer of material by means of a series of Fourier transforms. This expression is
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defines as:

F (∆g) = −2πGρe−kz0

∞∑
n=1

kn−1

n!
F [hn(x)] (2.6)

Where F (∆g) is the Fourier transform of the gravity anomaly, G is the universal gravitational

constant, ρ is the density contrast across the interface, k is the wave number, h(x) is the

depth to the interface (positive downward), z0 is the mean depth of the horizontal interface.

Oldenburg (1974) rearranged Parker’s equation that enables us to use this equation calculat-

ing the depth to the undulating interface from gravity anomaly through an iterative process,

and this is the method we used in 3D modeling in Chapter 4:

F [h(x)] = −F [∆g(x)]e−kz0

2πGρ
−

∞∑
n=2

kn−1

n!
F [hn(x)] (2.7)

Gómez-Ortiz and Agarwal (2005) developed a MATLAB script using a grid of gravity anoma-

lies as input employing the Parker-Oldenburg inversion. In this procedure, the values for

the mean depth of the interface z0 and the density contrast across the interface ρ need to

be assumed. Hence, at the beginning, the gravity anomaly is dependent on the calculation

of the Fourier transform. Then the first term of 2.7 is computed by assigning h(x) = 0

(Oldenburg , 1974) and the Fourier transform of the depth to the interface provides the first

approximation of the topography interface h. The value of h(x) is then used in 2.7 to eval-

uate a new estimate of h(x) (Gómez-Ortiz and Agarwal , 2005). This iterative process is

continued until a reasonable solution reached.
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2.2.4 Discussion

In gravity applications, trial-and-error forward modeling is the most effective and widely

used approach by adjusting the unknown parameters with iterative re-computation until a

reasonable result is obtained between the observed and calculated anomalies. Normally, the

number of unknown parameters of the forward model to be estimated is relatively small,

whereas least-squares inversion is commonly applied to larger-scale inversions (Hinze et al.,

2013, 202). Both forward and inverse modeling are inversions that estimate unknown param-

eters of the assumed forward model from the known parameters and observations. Because

of the ambiguity inherent in gravity interpretations, the solution is not unique. Thus, a

series of sensitivity experiments is normally used in forward model by modifying important

attributes to test their impact on gravity anomaly, which will be discussed in the case study

later on in Chapter 3. In inversion model, there are errors in the known or assumed parame-

ters and observations, which make the solution not unique either. Overall, constraints from

geological, geophysical and other observations are needed to help us get a reasonable and

effective solution from gravity anomaly.

2.2.5 Methods limitation

Gravity anomaly interpretation is relatively straightforward process compared with other

gravity methods. However, each method has its own limitation. For anomaly interpretation,

it will never unified because of different features of glaciers and the ubiquitous presence of

data errors. Also there is an inherent source ambiguity of the gravity potential (Hinze et al.,

2013, 175). Although these sources of ambiguity can be controlled to a significant degree,

they cannot be completely eliminated. Thus, auxiliary geological, geophysical and other

constraints on the subsurface are really important to help limit the ambiguity. Shipboard

bathymetry measurements are the mainly used constraints in my research. For example,
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Petermann glacier at 81◦ N in northwest Greenland, it has some shipboard bathymetry data

in the vicinity of the floating ice tongue in 2003, 2007 and 2009 (Johnson et al., 2011).

No matter the forward method or the inversion method is chosen during the gravity anomaly

interpretation process, the free parameters are essentially to be considered. The two most

concerned parameters in my model are the bed depth and rock (or sediment) density.

2.3 Geosoft — Oasis montaj

Oasis montaj is a product from Geosoft Inc., which we employ during our research to analyze

the gravity data. It provides a powerful suite of modeling and analysis tools for advanced

understanding of the Earth’s subsurface and subsea environments (Inc., 2017).

2.3.1 GM-SYS Profile Modeling

The GM-SYS Profile Modeling is a program for calculating the gravity and magnetic response

from a geological cross-section model using Talwani et al. (1959) forward modeling method.

Two-dimensional (2D) models assume the earth is two-dimensional, i.e. it changes with

depth (Z direction) and in the direction of the profile (X direction; perpendicular to strike).

2D models do not change in the strike direction (Y direction). 2D blocks and surfaces are

presumed to extend to infinity in the strike direction.

2.3.2 GM-SYS 3D Modeling

GM-SYS 3D Modeling is a 3D gravity and magnetic modeling software for surface-oriented

models. A model is defined by one or more stacked horizontal grids with density, suscep-
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tibility, and remnant magnetization distributions specified for the layer below each surface.

The calculations are based on Parker’s algorithm (Parker , 1973).
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Chapter 3

2D modeling

3.1 2D modeling on Petermann Glacier, Northwest Green-

land

3.1.1 Introduction

Petermann Glacier, a large and influential glacier, drains 4% of the Greenland Ice Sheet in

area in Northwest Greenland to the east of Nares Strait. If flows from southeast to northwest

into steep walled Petermann Fjord at about 1 km/yr. It develops the longest floating ice

tongue in the northern hemisphere whose thickness changes from 600 m at its grounding line

to about 30-80 m at its front (Rignot and Steffen, 2008). We could roughly estimate the

loss of its mass, but it is hard to identify the interaction or impression between its fjord and

Petermann glacier due to one of outstanding unknowns: fjord bathymetry.
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3.1.2 Data

The data applied to build the Petermann Glacier 2D bathymetry model contains three parts:

(1) Airborne gravity data from NASA OIB on 20110507.

(2) Ice thickness data from CReSIS on 20110507.

(3) Ship bathymetry data from Humfrey Melling in 2009 and 2012 and H. L. Johnson in

2003.

There are five tracks of NASA OIB airborne gravity data along the axis of Petermann

glacier in 2011. The reasons why I chose these two tracks are they extended further into

Arctic Ocean intersecting with marine data and also overlapped with the ice thickness data

from CReSIS (Figure 3.1).

Elevation (m)

Figure 3.1: All the data sets along two CReSIS tracks on 20010507. Airborne gravity data
from NASA OIB in red, ice thickness data from CReSIS in blue, and ship bathymetry
data from Humfrey melling in 2009 and 2012 in yellow, and the color coded bathymetry
measurements from H. L. Johnson in 2003 in meters.
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3.1.3 2D profile model

A four-body forward model was used. It contained air (0 g/cm3), ice (0.917 g/cm3), ocean

(1.03 g/cm3) and rock (2.67 g/cm3).

(1) First, the model was constrained by radar measurements (Figure 3.2).

a b

Figure 3.2: (a) The 2D profile model along survey line. Calculated gravity is shown for
homogeneous bed rock of density 2.67 g/cm3. In the top panel, blue dots represent observed
gravity anomaly; blue solid line is calculated gravity anomaly; red line represents the residual
between observed and calculated gravity anomaly. (b) Ice surface and bottom elevations Echo
Strength Profile images from the MCoRDS radar along the survey line.

(2) Then the model was pinned to bathymetry known from marine surveys at the northwest-

ern end of the survey line (Figure 3.3).
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Figure 3.3: Shipboard bathymetry measurements in red dots are introduced into the 2D
profile model along survey line in the bottom panel. In the top panel, blue dots represent
observed gravity anomaly; blue solid line is calculated gravity anomaly; red line represents
the residual between observed and calculated gravity anomaly.

The bathymetric surface must be constrained below the base of ice, and bed topography was

considered homogeneous (rock density 2.67 g/cm3) at first. The gravity-based bathymetric

model has a similar shape to the observed gravity in Figure 3.2. Then after adding the

shipboard bathymetry data into model, we modified the bed in order to fit these well-known

constraints. However, large residuals appeared at the grounded ice (calculated gravity is

much smaller than observed gravity) (Figure 3.4a). This indicated that denser rocks need

to be included to account for the residual anomalies (Figure 3.4b).
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a

b

Figure 3.4: (a) The 2D profile model along survey line with big gravity residual anomaly after
shipboard bathymetry measurement constraint of homogeneous rock density. (b) Denser rock
introduced in the model offers varying solution. In the top panel for each figure, blue dots
represent observed gravity anomaly; blue solid line is calculated gravity anomaly; red line
represents the residual between observed and calculated gravity anomaly.
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3.1.4 Sensitivity experiments

Rock density needs to be constrained by local geology (Figure 3.5) (Pedersen et al., 2013).

Figure 3.5: Geological data of Petermann
Glacier from the Geological Survey of Den-
mark and Greenland (GEUS).

The dominant two types of rocks that lay on-

shore are Cape Calhoun limestone (purple in

Figure 3.5) and Cape Clay limestone (green

in Figure 3.5) formed the late and early Or-

dovician period, respectively. Rock density

variations due to geological structures. It

is possible to identify in an accurate way,

but not only considering current constraints.

Magnetic data could be introduced.

A residual gravity anomaly over grounded

ice can be accounted for by the existence of

denser rock on the ridge. The density of the second rock is changed by 0.1 g/cm3 each

time and testing at a fixed rock topography is done to determine how gravity changes. The

best-fit density for the second rock is 2.71 g/cm3 (Figure 3.6). The magnetic data is applied

in a future study to determine the rock boundary quantitatively by Tinto et al. (2015).
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Figure 3.6: Density sensitivity experiments changed every 0.1 range from 2.67 to 2.72 g/cm3.
(a) 2.68 g/cm3, (b) 2.69 g/cm3, (c) 2.70 g/cm3, (d) 2.71 g/cm3, (e) 2.72 g/cm3.
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3.1.5 Petermann Glacier bathymetry map

The apparent feature of the gravity-based bathymetric model for Petermann glacier is a

continuous sill traverse the head of the fjord aligned with the onshore ridge. Based on

the models results along these two survey lines, Petermann glacier fjord has asymmetry

topography, which the eastern side of the fjord is deeper that the other side. Around 25 km

from grounding line, a second sill appears on the western side, which is about 450 to 300 m

high.
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a b

dc

Figure 3.7: The new bathymetry map derived from OIB data in 2D model with marine
constraint in meters. (a) Two OIB profile 2D model results, (b) Zoom in for the red box in
(a) of the front of Petermann Glacier, (c) Interpolated map with two profiles with contour
line in black every 100 m, (d) Shaded bed elevation map with measured bathymetry in the
glacier front. Color coded from deep blue (1000 m below sea level), yellow (500 m below sea
level) to orange (300 m below sea level). All maps overlaid on a Landsat image. Projection
is WGS84/Universal Polar Stereographic North.
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3.2 2D modeling on Jakobshavn Isbræ, West Green-

land

Jakobshavn Isbræ in West Greenland, is the largest and most active outlet glacier. The

velocity is 20 m/day (Rignot and Mouginot , 2012) and is a major contributor to sea level

rise. To have a preliminary interpretation of gravity data, based on the calculation, here

we use an approximation 1 mGal being equivalent to 25 m of ice to compare the GBMF

and OIB gravity data (Figure 3.8) with three CReSIS lines on 20090401 (Leuschen et al.,

2010, updated 2017) (Figure 3.9). There are four overlapping lines between GBMF and OIB

gravity data (Figure 3.10) flying across Jakobshavn Isbræ’s trough. 2D gravity models also

made with Geosoft GM-SYS Profile Modeling for three of them (Figure 3.11).

The results show major improvement in accuracy and resolution compared to the OIB data.

OIB gravity data has limitations for resolving the depth of the toughs in the middle of

Jakobshavn Isbræ due to the coarse resolution (∼ 5.2 km). The comparison with thickness

data from radar sounding is encouraging that these data will be useful to infer glacier ice

thickness in the most challenging parts of Greenland where uncertainties remain high. In

the main trough of Jakobshavn Isbræ, the new data confirm discrepancies in ice thickness

mapping from radar near glacier front. Bamber et al. (2013) yields estimates of the bed depth

that too shallow compared with the result of Morlighem et al. (2013) mass conservation

(MC), which is also called BedMachine v1 and inversions from high resolution gravity data.

The standard deviation between MC and GBMF inversion is about 400 m. The difference

is larger that the uncertainties of the other methods and indicates a failure of the kriging

method. Results of MC and GBMF do not agree perfectly, which is due to the uncertainties

from density and depth of sediments layer and also mixture of sea water and ice. 3D gravity

model is made for Jakobshavn Isbræ, more details discussed in Chapter 4.
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11

12

a

b

Figure 3.8: Comparison gravity maps (a) new data obtained in August 2012 (average cross
over error = 0.00134), and the locations of there profiles from CReSIS on 20090401 (b) data
collected by NASA Operation IceBridge (OIB) in 2010 (average cross over error = 0.9109)
of Jakobshavn Isbræ, Central West Greenland.
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Figure 3.9: Three profiles comparison between gravity inversion’s thickness (GBMF and
OIB), CReSIS bottom elevation and bed elevation from mass conservation. (a) CReSIS
20090401 02 009 (b) CReSIS 20090401 02 011 (c) CReSIS 20090401 02 012, CReSIS surface
(magenta), CReSIS bed (red), MC (black), GBMF (yellow), OIB (green).
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Figure 3.10: Four overlapping profiles from GBMF and OIB free-air gravity anomaly com-
parison. Locations of these profiles are showed in (c)’s intersected figure with Jakobshavn
Isbræ’s GBMF gravity anomalies. Another intersected figure of Ice thickness equivalent for
GBMF and OIB in (b). (a) GBMF Line 3200 vs. OIB 20120421 08, (b) GBMF Line 3201
vs. OIB 20120421 11, (c) GBMF Line 3202 vs. OIB 20120421 14, (d) GBMF Line 3203 vs.
OIB 20120421 17.
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Figure 3.11: 2D gravity models with GM-SYS (a) line 3201, (b) line 3202, (c) line 3203.
Observed gravity (blue dots), Calculated gravity (blue solid line), Error (red solid line),
ATM surface (black line with dark green dots), CReSIS bed (black line with lighter green
dots), BedMachine v1 (black line with yellow dots) (Morlighem et al., 2013), Bamber et al.
(2013) bed elevation (black line with red dots), GBMF inverted bed (black line with purple
dots), ice density is 0.917 g/cm3, rock density is 2.72 g/cm3.
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3.3 2D modeling on Store Glacier, West Greenland

Store glacier is a major tidewater glacier in west Greenland, which drains an area of 30,000

km2 into Uummannaq Fjord at a speed of 4.8 km/yr (Rignot and Mouginot , 2012). This

glacier is 5 km wide at the ice front, with a freeboard height of 70 m (Howat et al., 2010)

and a draft of 500 m below sea level. The ice front position has been relatively stable for the

past century (Weidick and Bennike, 2007) with a seasonal fluctuation about 400 m (Howat

et al., 2010). Similar 2D models with Geosoft GM-SYS Profile Modeling were made for Store

Glacier as did for Jakobshavn Isbræ (Figure 3.12).
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Figure 3.12: Two overlapping profiles from GBMF and OIB free-air gravity anomaly com-
parison (a) GBMF L5546 vs. OIB 20120430 23 and (b) GBMF L5566 vs. OIB 20120430 37.
Locations of these profiles are showed in (b)’s intersected figure with Store Glacier’s GBMF
gravity anomalies. 2D gravity models with GM-SYS of same lines (c) and (d). Observed
gravity (blue dots), Calculated gravity (blue solid line), Error (red solid line), ATM surface
(black line with dark green dots), CReSIS bed (black line with lighter green dots), Mass
conservation bed (black line with yellow dots) (Morlighem et al., 2013), Bamber et al. (2013)
bed elevation (black line with red dots), GBMF inverted bed (black line with purple dots),
ice density is 0.917 g/cm3, rock density is 2.67 g/cm3.
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3.4 Discussion

DC-shift To remove the edge effect during the calculation of gravity, a constant or DC-

shift must be applied to the calculated gravity to match the observed data. The DC-shift is

used to normalize a model response to take account of the differences between the observed

mean value and the calculated mean value of the model response. In the gravity example,

the DC-shift has an important role, since the modeling approach required a very large model

space (60,000 km wide and 50 km deep) (Tinto and Bell , 2011). For gravity, this is necessary

because the calculated value is an absolute gravity calculation for the model extending to

30,000 km in the ±X and ±Y directions, and to some arbitrary depth (50 km). Observed

gravity data are generally corrected for the reference geoid, or referenced to some local

datum.

Errors in gravity model The errors of these gravity-based bathymetry models include

three parts:

• Instrument errors

The instrument errors in the bathymetric model under floating ice tongue are from

the gravity measurements. Under grounded ice part, errors arise from radar based ice

thickness measurements.

• Modeling errors

The modeling method required a large model space, which is 60,000 km wide and 50

km deep to remove the edge effects for calculating of gravity effect from the four bodies.

There is also an offset between the model space and the observed values. The shift is

determined by pinning the model to a point of known bathymetry. Hence, a suitable

selection for this pinning point from the shipboard bathymetry controls the modeling

errors.
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• Geologic errors

The geologic errors are crucial and difficult to avoid due to the unknown geology in

different areas. And it is hard to decide a boundary between different kinds of rocks.

The interpretations of gravity and magnetic data are not unique solutions (i.e. several

Earth models can produce the same gravity and/or magnetic response). Furthermore,

many solutions may not be geologically realistic. So these two methods need to employ

in conjunction with other geophysical methods and available known data observations,

which may include geology and other measurements.

Limitation of 2D modeling There are several advantages of 2D forward modeling. First,

the forward modeling, it performs very quick to give insights on the range of data that

satisfies the gravity model and also the parameters of sensitivity experiments. In addition,

during the trial-and-error inversion processes, it will provide considerable practical insights

into the subsurface informations to the investigators. However, difficulties also exist. There

is no reliable error statistics for the final solution. Also the processes of trial-and-error are

relatively intolerably laborious. Hence, for more complicated problems especially with a

large numbers of unknowns, inverse modeling is commonly used.
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Chapter 4

3D modeling

4.1 3D modeling of Store Glacier, West Greenland

4.1.1 Introduction

Many of Greenland’s glacier frontal regions have been changing rapidly in recent decades and

have resulted in a significant loss of mass from the Greenland ice Sheet which is increasing

with time. Many posit that these changes in mass coincide with an increase in ocean heat

along the coastal margin, yet we don’t know the details of this interaction and in particular

we do not know the geometry of the glaciers and of the sea floor at the transition boundary.

Glacier thickness is not well known because existing radar sounders have difficulties probing

the bed of rough, entrenched, warm ice; and bathymetry is not known in most glacial fjords.

Here we use a combination of measurements to reconstruct the bed elevation, ice thickness

and water depth at the transition boundary between land and ocean of Store Glacier, Green-

land. Store is a major glacier that flows at 4.8 km/yr into Uummannaq Fjord (Rignot and

Mouginot , 2012). We measured the fjord bathymetry in August 2012 and 2013 using multi-
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beam echo sounding (MBES) data. OIB collected ice thickness data between 2008 and 2012

on this glacier as well. Finally, we deployed the AIRGrav gravity instrument in August 2012

on a helicopter to obtain high resolution gravity. The gravity grid is 250 m spacing around

the glacier snout and 500 m inland.

4.1.2 Gravity Inversion

Data All the data available to use for Store (Figure 4.1b):

(1) Airborne gravity data for Store glacier with GBMF in 2012 (magenta lines).

(2) Ice thickness data from CReSIS 20120421, 20120429 and 20120430 (red lines).

(3) Shipboard bathymetry data in 2013 (blue grid).

(4) Mass conservation solution Morlighem et al. (2013).

Using the Cape Race vessel, we conducted a bathymetric survey of the water in front of Store

Glacier using a Reson 8160 Multi-Beam Echo Sounding (MBES) system operating at 50 KHz.

The MBES is operated with a NAVCOM 3050 differential GPS unit with sub-meter position

accuracy, and an Applanix POSMV inertial navigation system, which provides real time

vessel attitude and position. The data acquired using the QINSy software and processed

using the CARIS HIPS software. Calibration of sound speed is water is performed using

Conductivity Temperature Density (CTD) data obtained at regular intervals during the

cruise, and by surveying a set of topographic features on the sea-floor at different look

angles. The output sea-floor bathymetry products were generated on a 25-m grid, with a

vertical precision of 1-2 m. Fjord surveys were conducted at a speed of 5 knots, and less

than 1 knot along the ice front (Rignot et al., 2015).

Radio echo sounding of Store Glacier using the Multi-channel Coherent Radar of Ice Sheets

(MCoRDS) from the University of Kansas provides constraints on ice thickness in the upper
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reaches of the glacier. In the terminal valley, no bed echoes have been retrieved from the data

due to high surface clutter presumably combined with the high water content of the ice. The

nominal precision of these data is about 10 m over the flat interior but no more than 30-50 m

at low elevation over rough terrain (Morlighem et al., 2013;Wu, 2014, e.g.). These radio echo

sounding-derived thickness data were combined with ice motion vectors derived from satellite

radar interferometry (Rignot and Mouginot , 2012) using a mass conservation approach to

obtain a seamless, gridded representation of the bed topography at 150 m spacing over the

image domain in Figure 4.9c.

a ba bbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbbb b

Figure 4.1: (a) Position of Store Glacier, West Greenland by Nolwenn Chauché, Centre of
Glaciology, Aberystwyth University, UK https://www.aber.ac.uk/greenland/iceberg.

shtml. (b) All datasets used in gravity inversion for Store Glacier, 2012 glacier ice front in
cyan, overlaid on a Landsat image.

Geological information of Store Glacier To define an optimal average density for the

glacier bed, we check the geological information from GEUS and with a series of sensitivity

experiments to get the best solution in terms of the misfit between modeled and initial gravity

fields for densities varying from 2.58 to 2.73 g/cm3, with the presence of granodioritic and
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gabbro respectively in this area (Pedersen et al., 2013) (Figure 4.2). We find a minimum at

a density of 2.67 g/cm3.

a b

Figure 4.2: (a) Geological information of Store Glacier from Geological Survey of Denmark
and Greenland (GEUS). (b) Rock density table of related rocks in this area from Harvey
(2005, 288).

Gravity Inversion from Muto’s model

Methods For the inversion of free-air gravity anomalies for bathymetry and sediment

thickness layer, the forward model is followed Plouff (1976) and Seber et al. (2001) (Figure

4.3). Model domain is discretized into small 3D rectangular prisms of four layers with

different densities: ice (917 kg/cm3), ocean water (1030 kg/cm3), rock (2670 kg/cm3) and

sediment (2014 kg/cm3). Here, we have no further information or knowledge of the proper

density for sediment, so we use 40% of porosity for the rock filled with sea water (Muto et al.,

2013).
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Figure 4.3: Schematic diagrams from Seber et al. (2001).

The inversion part in this method using very fast simulated annealing (VFSA), which Roy

et al. (2005) and Filina et al. (2008) used to model the water depth and sediment distribution

in Lake Vostok. We solve the inverse problem by minimizing the misfit function by Roy et al.

(2005):

E =
2
∑

(|gobs − gcal|)∑
(|gobs − gcal|+

∑
|gobs + gcal|)

(4.1)

where g is the free-air anomaly with subscripts obs and cal represented observed and calcu-

lated gravity anomaly respectively.

The shape of the body is established by computing the thickness of rectangular prisms of

equal width. Searching for a plane that minimize the root mean square difference between

the observed and calculated gravity anomalies. DC-shift in the model is calculated where

55



measured gravity data overlapped with exposed rock in this area (Figure 4.4c).

a b c

Figure 4.4: (a) Model ice thickness mask, (b) model rock mask, blue block values vary in
inversion, red block values fixed in inversion. (c) area to calculate DC-shift (red)

Results The bed rises near the front of the glacier, which makes the glacier more robust to

change. Accumulation of sediment has a significant influence in the fjord, but not so much

underneath the glacier (Figure 4.7). At sea, in front of the area of river discharge, there is a

large pile of sediment, which exhibit a gravity anomaly associated to a layer of sediment of

higher density than water about 200-300 m thick.

56



a b c

d e f

Figure 4.5: Inversion results comparison between model without (a-c) and with (d-f) sed-
iment layer. (a) (d) misfit between calculated and observed gravity, (b) (e) ice thickness
in meters after inversion without and with sediment layer separately, (c) (f) bed elevation
results in meters without and with sediment layer separately. White line indicates ice front
in 2012.
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c d

e f

Figure 4.6: Inversion results along three profiles in Figure 4.1b. For each row, left panel is the
comparison for bed elevation, and dark blue lines are surface and ice bottom elevation from
model initial set-up; dark green line is ice bottom elevation from model without sediment
layer; red line is ice bottom elevation from model with sediment layer; light green line
represents bed elevation with sediment layer thickness. Right panel is comparison between
observed and calculated gravity, and dark blue line is observed gravity; dark green line is
calculated gravity from model without sediment layer; red line represents calculated gravity
from model with sediment layer. (a) (b) column 14, (c) (d) Thick 0430, (e) (f) Thick 0421.
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Figure 4.7: Inversion result of sediment layer thickness underneath Store Glacier in meters.
Color coded from dark blue (0 m) to green (500 m) then to dark red (1000 m). White line
indicates ice front in 2012.

Gravity Inversion from GM-SYS 3D Modeling

Methods To analyze the gravity data, we employ the Geosoft GM-SYS 3D software, which

implements Parker (1973)’s method. The inversion domain is modeled as three layers: 1) a

solid ice layer with a density of 0.917 g/cm3; 2) a sea water layer with a density of 1.028 g/cm3;

and 3) a rock/sediment substrate layer with a uniform density of 2.67 g/cm3. Selection of a

density for rock is discussed above. Ice surface elevation is from the GBMF laser altimeter.

The model domain extends to the limit of the GBMF survey. Beyond the survey domain,

we use the initial bed model to calculate the gravity field using a forward model based on GM-
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SYS 3D (Figure 4.8).

Figure 4.8: Mask domain for Store Glacier,
blue block is ocean, light green is rock, red is
grounded ice area.

Results 1. This analysis shows that major

uncertainties exist in the mapping of the bed

elevation of the glaciers in Greenland and in

the sea floor bathymetry. On Store Glacier,

we detect a sill at the current ice front that is

probably responsible for its exceptional sta-

bility versus neighboring glaciers since 1958.

The glacier is grounded hundreds of meters

deeper than indicted in Bamber et al. (2013)

and the fjord is also deep enough to enable

widespread access of subsurface warm, salty

waters from the North Atlantic than indicated in IBCAO (Jakobsson et al., 2012).

2. These results call in question model simulation of weak influence of the ocean on glacier

evolution as well as projections of glacier evolution in a warmer climate in general until a

similar quality mapping is performed on other Greenland glaciers.

3. High resolution airborne gravity is instrumental in filling gaps between MBES data

and MC calculations, and may in some places difficult to probe provide a very important

alternative to the reconstruction of ice thickness. Such data should however be acquired on

a slower moving platform than OIB. (GBMF = 50 knots; OIB = 400 knots).
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Figure 4.9: Store Glacier bed elevation results. (a) Bed elevation from IBCAO3 (Jakobsson
et al., 2012), (b) Bed elevation on and sea from Bamber et al. (2013), (c) MC bed elevation
(Morlighem et al., 2014) and MBES bed elevation, and (d) MC bed elevation, MBES and
airborne gravity derived bed elevation, white line is the ice front in 2012; black line is CReSIS
on 20080722; red line is flow line of Store Glacier. Black lines represent the boundaries of
rocks and ocean.
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Figure 4.10: Bed elevation results comparison between different solutions along two lines in
Figure 4.9d. (a) CReSIS line on 20080622, (b) Store Glacier flow line, MC (dark blue), OIB
(light blue), GBMF (magenta), MBES (purple) and Bamber et al. (2013) (red).
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4.1.3 Discussion

Here, we employ high-resolution (250 m spacing) , high-precision (0.5 mGal) gravity data

combined with other data to reconstruct the bed topography of Store Glacier, West Green-

land from its terminal valley, across the grounding line, into the glacier fjord with two types

of 3D models. The gravity inversion is constrained by a reconstruction of ice thickness on

land combining sparse radar profiles and ice motion vectors from satellite imaging radar, and

at sea with multi-beam echo sounding right to the foot of this glacier. The inversion result

indicates the presence of a 400 m sill at the current position of the glacier front. When sedi-

ment thickness is also included in the inversion, we identify regions of sediment accumulation

downstream of channels of subglacial water discharge and less than 200 m elsewhere.

Overall the presence of a bed high at the current front location explains the exceptional

stability of Store Glacier in the last 50 years despite warming air temperature and exposure

to warm Atlantic water.

4.2 3D modeling of Jakobshavn Isbræ, West Greenland

4.2.1 Introduction

The contribution to sea level rise from the Greenland Ice Sheet has increased significantly in

the past decades due to the accelerated flow of its glaciers and the enhanced melting of its

snow and ice surface (Rignot et al., 2011a, e.g.). Jakobshavn Isbræ (JI), in West Greenland,

is the largest and most active outlet glacier. It drains 6.5% of the ice-sheet area (Echelmeyer

et al., 1991). Repeated laser-altimeter surveys by NASA’s Airborne Topographic Mapper

(ATM) showed that the glacier experienced a slight thickening between 1991 to 1997 of

10 cm/yr (Thomas et al., 1998) while many other glaciers were thinning. After 1997, the
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glacier started to thin (Thomas et al., 2003) and accelerate (Joughin et al., 2004; Luckman

and Murray , 2005). The glacier floating ice tongue collapsed in 2002-2003 (Weidick et al.,

2004) after experiencing thinning rates of up to 80 m/yr (Thomas et al., 2003). The ice shelf

removal reduced the back-stress on the glacier, causing its ice speed to triple (Joughin et al.,

2008). As the glacier retreated, the frontal regions thinned up to 15 m/yr (Thomas et al.,

2009).

This drastic evolution following decades of slow retreat since the little ice age has been

attributed to the intrusion of warmer-than-usual, salty, subsurface (below 400 m depth)

Atlantic waters (AW) into Ilulissat fjord in the mid 1990s (Holland et al., 2008). The higher

heat content of the fjord waters fueled higher rates of ice shelf melt causing it to collapse.

Motyka et al. (2011) estimated from mass conservation that the ice shelf melted at 228±49

m/yr in the 1980s. The melt rate must have therefore increased by 35% in the late 1990s

to explain the observed 80 m/yr thinning. As a result of the ice shelf collapse and glacier

acceleration, JI contributed a 1-mm global sea level rise from 2000 to 2011 (Howat et al.,

2011).

To interpret the glacier evolution and reduce uncertainties in projections of its evolution,

it is essential to know the glacier thickness, bed elevation below sea level (bsl), and fjord

bathymetry. The slope in bed topography exerts a major control on the rate of grounding

line retreat (Schoof , 2007). The retreat is expected to be rapid along retrograde portions

of the bed, i.e. where the bed elevation slopes in the inland direction, because a higher ice

thickness entrains higher spreading rates. Conversely, bumps in bed topography will slow

down the retreat due to a reduction in spreading rate. This instability is referred to as

the marine ice sheet instability or tide-water glacier cycle (Post et al., 2011). In the fjord,

bathymetry controls the advection of warm, salty AW toward the grounding line. Deep

portions of the fjord facilitate the intrusion of subsurface AW whereas shallow parts (< 300

m) restrict its access to the glacier (Holland et al., 2008).
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To this day, the fjord bathymetry and glacier bed topography of the lower portion of JI have

remained poorly known, at least not sufficiently well to provide reliable information for ice

sheet numerical models. Standard vessels cannot penetrate the fjord to measure its depth

due to the permanent presence of icebergs, brash ice, and ice mélange caused by a 350 m

deep sill at the mouth of the fjord which blocks the exit of icebergs. On land, the sounding

of bed topography in the lower reaches of the glacier using the Multichannel Coherent Radar

Depth Sounder (MCoRDS) is rendered difficult by the thick ice (2 km), the presence of

highly absorptive and temperate ice near the bottom, combined with high surface clutter

caused by a broken up ice surface (Leuschen et al., 2010, updated 2017). Seismic profiles

were successfully collected upstream of the terminus by Clarke and Echelmeyer (1996).

Together with quality radar data upstream, these observations revealed the presence of a

deep trough beneath JI, more than 1 km bsl, extending far inland (Plummer et al., 2008,

e.g.). Near the ice front, few reliable bed echoes are available. Radar sounders do not provide

a comprehensive description of the bed topography, hence leaving considerable uncertainty

about the depth of JI close to the ocean margin.

4.2.2 Data and Methods

To analyze the gravity data, we employ the Geosoft GM-SYS 3D software, which implements

Parker (1973)’s method. The inversion domain is modeled as three layers: 1) a solid ice layer

with a density of 0.917 g/cm3; 2) a sea water layer with a density of 1.028 g/cm3; and 3) a

rock/sediment substrate layer with a uniform density of 2.72 g/cm3. Selection of a density

for rock is discussed later on. Ice surface elevation is from the GBMF laser altimeter. The

model domain extends to the limit of the GBMF survey. Beyond the survey domain, we use

the initial bed model to calculate the gravity field using a forward model based on GM-SYS

3D (Figure 4.11).
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Figure 4.11: (a) Airborne, high-resolution, free-air gravity anomalies measured in 2012 for
the GBMF survey over Jakobshavn Isbræ, West Greenland with a color scale in mGal(1
mGal=10−5 m2/s), (b) forward model calculated gravity and (c) forward model calculated
gravity over Jakobshavn Isbræ, West Greenland, knitted together with observed gravity
after upward continuation to 1,220 m overlaid on a shaded relief digital elevation model of
Greenland (Howat et al., 2014). Contour level is every 10 mGal in white. Grounding line
positions are color coded from brown (1996 from ERS-1/2) to green, blue, and red (2004 to
2015 from Landsat image). Red stars are positions of measured fjord bathymetry. The limit
of the survey domain is a thin, dark blue outline in (b) and (c).
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The initial bed model is the interpolated bathymetry for the fjord and the MC result on

land. We match the observed gravity and forward modeled gravity at the boundary by

estimating the DC shift to apply on the data in the upper part of the survey domain where

the MC result is most reliable because quality ice thickness data exist. In the 3D model,

we use constraints grids to constrain or restrict some of the inversion options. A constraints

grid is a grid that matches the index grid for the model and constraints values between 0

and 1. Where the value of a grid node in the constraints grid is set to 0, the corresponding

location in the grid being inverted will remain unchanged. Where the value of a grid node

in the constraints grid is set to 1, the corresponding location in the grid being inverted is

totally unconstrained. If the value in the constraints grid is greater than 0 and less than 1,

it acts as a weighting factor to slow down the amount of movement during inversion. In our

model, we allow a 1.5-km wide transition at the ocean boundary and at the boundary with

the modeled gravity. Within the transition boundary, the inversion is modulated by a factor

varying linearly between 0 (no gravity inversion) to 1 (full gravity inversion) as a function of

distance to the gravity survey. No data inversion is performed outside the domain (inversion

factor is 0). During the inversion, the unknown bed elevation is modified iteratively until

we obtain the best match between modeled and observed gravity. The iteration stops when

the calculated gravity does not vary by more than 0.1 mGal.

To define an optimal average density for the glacier bed. First, we check the geological

information in this area (Pedersen et al., 2013) and find that the rock type is orthogneiss,

mainly granodioritic to tonalitic with density range from 2.6 to 3.0 g/cm3. So we calculate

the rate of convergence of the solution in terms of the misfit between modeled and initial

gravity fields for densities varying from 2.6 to 3.0 g/cm3 with steps of 0.02 g/cm3. We find a

minimum at a density of 2.72 g/cm3 (Figure 4.12). A value of 2.72 g/cm3 is consistent with

the presence of orthogneiss, mainly granodioritic to tonalitic, in the area (Pedersen et al.,

2013).
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Figure 4.12: Optimization of the bedrock density beneath Jakobshavn Isbræ, West Green-
land, obtained by comparing the r.m.s. of the modeled gravity solution versus the observed
gravity divided by the r.m.s of the observed gravity for density values varying from 2.6
to 3.0 g/cm3. The results reveal the existence of a minimum at a density of 2.72 g/cm3.
The density value of 2.72 g/cm3 is in excellent agreement with the density of Orthogneiss
(mainly granodioritic to tonalitic) present in this area according to the geologic maps of the
Geological Survey of Denmark and Greenland (GEUS).

We use the gravity misfit, i.e. modeled gravity minus observed gravity, to quantify the

uncertainty of the inversion (Figure 4.13).
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Figure 4.13: (a) Forward model gravity misfit (model minus observation) over Jakobshavn
Isbræ, West Greenland, after upward continuation to 1,220 m and (b) inversion model gravity
misfit in milligal (mGal) overlaid on a shaded relief digital elevation model of Greenland
(Howat et al., 2014). Contour level is every 1 mGal for the misfit. Inset on top right shows
the location of the survey area in Greenland. Grounding line positions are color coded from
brown (1996 from ERS-1/2) to green, blue, and red (2004 to 2015 from Landsat image). Red
stars show the location of bathymetry measurements in Ilulissat fjord.

The inversion significantly reduces the gravity misfit from the initial bed, as expected. To

translate the misfit (in mGal) into an error in bed elevation, we calculate the gravity anomaly

using GM-SYS 3D obtained by shifting the bed result by +100 m and compare the results

with the original gravity field. We find an average shift of 5 mGal in gravity per 100 m of ice

in the trough. We use this product to generate a point-per-point conversion of the gravity

misfit into an uncertainty in bed elevation (Figure 4.14). Given that the gravity misfit ranges

from -3 to +3 mGal, the nominal precision of our bed mapping is about 60 m.
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Figure 4.14: Bed error map (a) calculated from gravity inversion model gravity misfit with
the bed result by +100 m shifting, and (b) bed error map from MC in meter (m) overlaid
on a shaded relief digital elevation model of Greenland (Howat et al., 2014). Contour level is
every 20 m in black. Inset on top right shows the location of the survey area in Greenland.
Grounding line positions are color coded from brown (1996 from ERS-1/2) to green, blue,
and red (2004 to 2015 from Landsat image). Red stars show the location of bathymetry
measurements in Ilulissat fjord.

Existing radar-derived thickness data from MCoRDS were used to produce an updated MC

result for the bed, ice thickness, and error (Figure 4.14). The MC result is gridded at 150-m

spacing, with a spatial resolution of 150m. The MC map is better in terms of resolution and

accuracy than Bamber et al. (2013)’s 1-km spacing map, or B2013, which uses kriging on

land and the International Bathymetric Chart of the Arctic Ocean (IBCAO) v3 in the fjord

(Jakobsson et al., 2012). We also compare the GBMF result with the bed map of Joughin

et al. (2014), generated by CReSIS in 2009 and which we refer to as C2009.
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We map the grounding line of JI using ERS-1/2 interferometric SAR data from year 1996,

ERS-1 orbits 22386 and 22887 and ERS-2 orbits 2713 and 3214, frames 1890, following (Rig-

not et al., 2011b). While interferometric fringes are not visible across the entire grounding

line, especially the northern tributary, the results capture the 1996 position over the deepest

part of the glacier and on its near-stagnant ice shelf (Figure 4.16). We complement this in-

formation with the mapping of ice rumples by Csatho et al. (2008) to get a near-continuous

mapping (Figure 4.15).

Figure 4.15: Differential SAR interferograms (DSIs) of Jakobshavn Isbræ, West Greenland,
obtained from Earth Remote Sensing satellite 1 and 2 (ERS-1/2) data collected in winter
1996 overlaid on the figure 1 from Csatho et al. (2008). Grounding line position in 1996 is
red.
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Figure 4.16: Differential SAR interferograms (DSIs) of Jakobshavn Isbræ, West Greenland,
obtained from Earth Remote Sensing satellite 1 and 2 (ERS-1/2) data collected in winter
1996 overlaid on the GIMP shaded relief map of Greenland (Howat et al., 2014). Grounding
line position in 1996 is brown. Each fringe color coded from blue to yellow, purple, and
blue again is a 360 cycle in interferometric phase. Note, some portion of the grounding line
mapping is based on the mapping of ice rumples by (Csatho et al., 2008).

Following the ice shelf collapse in 2002-2003, Rosenau et al. (2013) showed that the glacier

developed a floating section only about 100 m long along the ice front, i.e. the grounding

line has remained within 100 m of the calving front after 2003. Combining the 1996 interfer-

ometric data with ice-front positions recorded from Landsat data in late summer conditions

(late August to early September) we obtain a 20-year proxy record for the grounding line

retreat of JI (Figure 4.17, 4.18).

4.2.3 Results

Our model does not use a layer of sediment. We do a simple Bouguer slab calculation, which

we add a 100-m sediment layer with density 2.2 g/cm3 into the model. The result shows
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that bed elevation overestimate by 30 m. To explain the gravity anomaly measured by OIB

over the JI trough, one would need a 1,500-m thick layer of sediments to match existing ice

thickness measurements. We conclude that the OIB data cannot be used to detect the depth

of the JI trough. The only gravity data that are sensitive enough to detect the deepest bed

are from the GBMF survey.
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Figure 4.17: (a) Bed elevation above mean sea level of Jakobshavn Isbræ (JI), West Green-
land and fjord bathymetry reconstructed from a 3D inversion of the GBMF gravity data,
color coded from white to brown (400 m to 0 m above sea level) to green, blue and dark
blue (200 to 1,600 m below sea level) with 100-m contours in white. Profile AA′ with yellow
dots every 5 km is shown in Figure 4.18, profile BB′ in Figure 2.4, 2.5, profiles CReSIS1-3
in Figure 4.19. The limit of the survey domain is a thin, dark blue outline. Grounding line
positions are color coded from brown (1996 from ERS-1/2) to green, blue, and red (2004
to 2015 from Landsat). Discrete depth soundings in the fjord are red stars. Background
is a shaded relief digital elevation model of Greenland (Howat et al., 2014). Projection is
polar stereographic north at 150 m spacing. (b) Airborne, high-resolution, free-air gravity
anomalies from the year 2012 GBMF survey with a color scale in mGal (1 mGal=10−5 m2/s)
and 10-mGal contours in white. Survey lines are thin black lines. Inset on top right shows
glacier location in Greenland.
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The observed gravity anomalies vary from -20 mGal to -120 mGal, with peak values along

the trough and near the grounding zone (Figure 4.17b). Bed elevation is well correlated

with the gravity anomaly (Figure 4.17a), except in the last 15 km where the bed map is

asymmetric: the bed is steeper and deeper on the north side, and smoother and shallower

on the south side. The northern branch of the glacier terminates abruptly in the ocean. The

asymmetry is present in seismic profile S8 of Clarke and Echelmeyer (1996) approximately

located at km 16. Upstream of km 20, the bed is symmetric, with a bed depth of 1,600 m

at km 22 from the 1996 grounding line (Figure 4.18). Bumps and hollows in inferred bed

elevation greater than 60 m are above the noise level.

Rosenau et al. (2013) reported a 3.5±0.2 km grounding line retreat for 2004-2010, or 0.6

km/yr, similar to the value from Joughin et al. (2012) for 2006-2009. Here, we estimate 0.62

km/yr for the entire period 1996 to 2016, with a total grounding line retreat of 12.5 km at

the glacier center. During that time period, the ice shelf front retreated by 18 km.

The inversion yields a smooth transition in bed topography between the GBMF data and

the MC result but at a lower spatial resolution (Figure 4.18). Following the line of deepest

bed, we find that the bed depth drops from 700 m at the center of the grounding line in 1996

to 1,100 m bsl at the 2015 grounding line. Farther upstream, the bed depth drops to 1,600

m at km 22, then slowly rises to 1,200 m over the next 40 km. From km 0 to 27, the bed

is essentially retrograde, consistent with earlier studies but several 100 m deeper (Joughin

et al., 2012; Gogineni et al., 2014). The grounding line retreated rapidly from 2011 to 2012,

before retreating more slowly as the glacier encountered a shallower bed.
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Figure 4.18: Profile AA′ along the deepest bed of Jakobshavn Isbræ, West Greenland showing
the surface and bed elevations from the MC reconstruction (gray), the GBMF data in this
study (black), Bamber et al. (2013) (dotted red), Joughin et al. (2014) (dotted purple)
and CReSIS (dark blue) with corresponding error bars in shaded color (±1σ). The surface
elevation is from year 2007-2008 (MC, B2013, C2009) and 2012 (GBMF). Red stars denote
bathymetry data in the fjord. Colored triangles denote the positions of the glacier grounding
lines at different epochs with the same color table as in Figure 4.17. Origin of distance is the
1996 grounding line position. Superimposed on that plot with a secondary vertical axis on
the left hand side is a comparison of the observed gravity anomaly (continuous blue) versus
the calculated (dotted blue) gravity anomaly in mGal along profile AA′.
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Figure 4.19: Comparison of the bed elevation Jakobshavn Isbræ, West Greenland from the
MC reconstruction (gray), the GBMF gravity survey (black), Bamber et al. (2013) (red) and
Joughin et al. (2014) (purple) along profiles (a) CReSIS1, (b) CReSIS2 and (c) CReSIS3 in
Figure 4.17, at respectively low, medium and high elevation along the trough, along with
surface elevation from CReSIS (blue) in 2009, GBMF in 2012 (black) and MC/B2013/C2009
in 2007-2008 (gray). Direction is north to south from left to right.

A comparison of GBMF with MC shows that GBMF is about 100 m deeper in the lower

reaches (Figure 4.19a, 4.18 km 5 to 20), i.e. 5%, but within error bars. Farther upstream,

the two solutions are in good agreement (Figure 4.19b,c). Comparing the errors from GBMF
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and MC (Figure 4.14), the MC result has an uncertainty of 100 m over most of the trough,

whereas GBMF has an error varying from 30 m to 140 m. Farther upstream, the errors in

MC and GBMF are more similar.

B2013 has a sill depth of 200 m (km 5) in the fjord that is an artifact and a bump at 400

m depth (km 8 to 11) that is also an artifact. The B2013 bed depth is 600 m too shallow

compared to GBMF, or 60% at km 10. The difference remains above noise level until km

30. The two solutions do not converge until km 45. The bumps along AA′ from km 5 to

30 are not confirmed by the GBMF or MC. We attribute these artifacts to kriging of sparse

radar data, a more detailed discussion of these could be found in the supporting information

(Figure 4.20, 4.21) (Bamber et al., 2013; Joughin et al., 2014).

Comparing the GBMF results with MCoRDS, we find a reasonable agreement above km 33

(Figure 4.19c), but errors as large as 500 m at km 14 (Figure 4.20, 4.21). We attribute this

discrepancy to the difficulty of identifying bed echoes near the ocean margin (Gogineni et al.,

2014). We also compare the results with C2009 along the profile from Joughin et al. (2014)

(Figure 4.22) and along the line of deepest bed (Figure 4.18). We find significant differences

of 200-300 m and a poor correlation in bed variability below km 30.
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Figure 4.20: Ice thickness of Jakobshavn Isbræ, West Greenland (in meters of solid ice) from
(a) CReSIS radar-derived thickness profiles color coded from yellow (no ice) to green and blue
(up to 2,000 m of ice), (b) a 500 m thickness grid by CReSIS from 2006 to 2014 composite,
(c) Bamber et al. (2013), (d) MC and (e) ice thickness derived from GBMF gravity data.
Contour level is every 200 m of solid ice. Grounding line positions are color coded from
brown (1996 from ERS-1/2) to green, blue, and red (2004 to 2015 from Landsat image).
Red stars show the location of bathymetry measurements in Ilulissat fjord.
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Figure 4.21: Bed elevation (in meters above sea level) of Jakobshavn Isbræ, West Greenland
(a) a 500 m grid by CReSIS from 2006 to 2014 composite, (b) Joughin et al. (2014), (c)
Bamber et al. (2013), (d) MC and (e) bed elevation inferred from the GBMF airborne
gravity data. Contour level is every 200 m. Grounding line positions are color coded from
black (1996) to brown (2015).
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Figure 4.22: (a) Figure from Joughin et al. (2014) over Jakobshavn Isbræ, West Green-
land, the white profile named CC′ overlaid on a shaded relief digital elevation model of
Greenland (Howat et al., 2014) and (b) bed elevation comparison along profile CC′ with
GBMF,MC,B2013 and C2009. Red stars show the location of bathymetry measurements in
Ilulissat fjord.

4.2.4 Discussion

Our inversion does not include a sediment layer. Inversions for basal shear stress (Joughin

et al., 2014; Sergienko et al., 2014; Shapero et al., 2016) suggest the presence of a weak bed,
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possibly a few meters to 100 m thick. In our inversion, introducing a layer of 100-m thick

sediments would change the bed elevation by only 30 m. This magnitude uncertainty is less

than the uncertainty of our gravity inversion. The GBMF result also agrees with MC in the

upper part of the survey domain where quality thickness data exist, which suggests that the

presence of sediments is not necessary to explain the gravity data.

Our study demonstrates the practical use of high-resolution airborne gravity to fill critical

gaps in bed elevation in Greenland, especially in deep fjords that cannot be surveyed with

deep radar sounders. If available, radar echo sounding would be preferable since these data

are more precise (10-30 m versus 60 m) and higher resolution (10 m versus 750 m). Where

reliable thickness data exist, the MC solution provides a high-resolution solution with low

errors. Closer to the ocean margin where radar echoes are challenging to interpret, the

gravity data offer a seamless mapping. To obtain a spatial resolution comparable to MC,

the helicopter would need to fly at least twice slower, with a line spacing about twice denser,

which would quadruple the cost of the survey.

Our results have implications for interpreting the retreat of JI since 1996. First, they suggest

that the grounding line may have been anchored on a 700-m sill in the 1990s, before retreating

into a fjord about 400 m deeper. Following the rapid retreat until 2012, the glacier has

reached a higher bed which slowed down the retreat temporarily, as projected by Joughin

et al. (2012) despite uncertainties in prior bed mappings. Second, during the retreat, as noted

by Joughin et al. (2012), the glacier calving front has remained within 20 m of hydrostatic

equilibrium. Ice front thickness will therefore increase from a current 1,100 m at km 12.5

(bed at 1,000 m depth) to 1,700 m when the glacier grounding line will reach at km 22 (bed

about 1,500 m depth) or 50%, which will increase the ice discharge accordingly. Third, the

results confirm that there is not major bed obstacle that could slow down the retreat at least

until km 30. Fourth, the grounding line is currently 400 m deeper than estimated previously,

hence thermal forcing from the ocean is 0.4◦C greater from the pressure dependence of the
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freezing point of seawater alone.

At a fixed position along the glacier main trunk, the annual average ice velocity has been

increasing steadily over time (Joughin et al., 2014, e.g.). At the center of the calving front,

however, we find that the mean annual speed averaged 12.6±0.9 km/yr from 2002 to 2015,

listed in Table 4.1, i.e. the annual calving speed, which is the sum of the ice front speed and

the retreat rate, has been about 13.2±0.9 km/yr, with little to no long term trend, hence

equivalent to a maximum rate of calving.

Table 4.1: Ice speed at the center of the calving front from 2002 to 2015

Year 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

Ice speed (km/yr) 14.0 12.4 14.0 12.1 12.0 12.8 12.0 12.0 11.4 13.2 12.8 13.5 11.4 13.35

The new bed elevation confirms earlier studies (Thomas , 2004; Joughin et al., 2012, e.g.)

that JI is undergoing a marine ice sheet instability since it is retreating along mostly a

retrograde bed. The retreat was likely triggered by an increase in ice shelf melt rate due to

the intrusion of warmer AW in the fjord (Holland et al., 2008). The current retreat rate of

0.6 km/yr is half as large as that observed in West Antarctica for Pine Island and Thwaites

glaciers(1 km/yr) and one third as large as that experienced by Smith Glacier (2 km/yr)

(Rignot et al., 2014). These values place upper bounds on the current rate of retreat of

large glaciers undergoing a marine instability. JI is probably retreating slower because it is

confined in a deep trough with narrow sides that provide strong lateral resistance to flow.
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4.3 3D modeling of two glaciers in Torssukatak Fjord,

West Greenland

4.3.1 Introduction

Marine-terminating glaciers exert a significant control on the evolution of the Greenland Ice

Sheet(GrIS) mass balance (van den Broeke et al., 2009) and control 90% of the ice discharge

into the ocean (Rignot et al., 2010). Warm air temperatures thin the glaciers from the

top. Warm oceans erode the submerged grounded ice, causing the grounding line to retreat.

However, the glaciers bed topography is poorly known. As a result, it is difficult to project

their evolution as they retreat inland, and to understand and quantify the role of ocean

warming - a major source of climate forcing in Greenland- in the fjords. A recent study has

shown that terminal glacier valleys were poorly characterized by earlier mappings and are

far deeper and extend farther inland below sea level than previously thought (Morlighem

et al., 2014). The deep valleys were generated by the long-term erosion of glacial channels

during ice ages. Near the grounding line of these glaciers, however, the uncertainty of the

reconstruction is large, for several reasons. First, this location is the furthest away from

quality radar sounding profiles that constrain the inversion; second, this area experience

high rates of thinning and summer melt that are both not well known at that level of spatial

details; the rate of thinning is traditionally not well sampled in narrow, steep terminal valleys;

and the rate of melt is constrained by the spatial resolution of reconstructions of surface mass

balance, typically about 11 km using the Regional Atmospheric Climate Model (RACMO).

It is however important to constrain the reconstruction of ice thickness at the ice front

because its position with respect to the bed topography is important for determining the

glacier stability and sensibility to climate forcing both from the atmosphere and the ocean.

Similarly, the sea floor bathymetry is not well known in Greenland’s fjords (Jakobsson et al.,

2012), especially near glacier fronts which are typically chocked with iceberg debris and
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regularly scoured by calving events.

Sermeq Avangnardleq (AVA) (70◦ 3′ N, 50◦ 19′ W) and Sermeq Kujatdleq (KUJ) (69◦ 59′ N,

50◦ 10′ W) are two ocean-terminating outlet glaciers in central West Greenland, flowing into

the ice-choked Torssukatak fjord (TOR). The fjord extends 50 km westwards, and merges

into Vaigat Fjord, a large fjord to the north of Disko Island. For the fastest-flowing glacier

of GrIS, Jakobshavn Isbræ (JI), its front receded 26 km during the period 1851-1953. Since

1953, the position of its terminus has been stable. AVA and KUJ generally receded only a

little during the same period (Atlas et al., 1913). Since 1985, based on the high resolution

digital elevation models (DEMs), AVA has gained mass and its terminus has remained stable,

however, for KUJ catchment, there is a thinning extending 15 km up-glacier from its terminus

(Felikson et al., 2017).

4.3.2 Data and Methods

Gravity data has already been discussed in Chapter 2. The MultiBeam Echo Sounding

data (MBES) collected in the Vaigat Fjord, which includes Ata Sund and TOR, hosts four

major outlet glaciers, AVA, KUJ, Kangilerngata Sermia and Eqip Sermia since 2007 with a

Kongsberg-Simrad EM120 system (Weinrebe et al., 2009). In August 2012, 2013, 2014 and

2015, our group employed a Reson 8160 MBES system started in Ilulissat and proceeded

through Ata Sund, TOR, Vaigat Fjord, and Uummannaq Fjord, extending to the glaciers’

termini (Rignot et al., 2016). Until the summer of 2016, during the Ocean Melting Greenland

(OMG) mission, we mapped the fjord bathymetry near the ice fronts for the first time.

Bathmetry was on a 25 m grid with a nominal precision of 1-2 m (Figure 4.27). We manually

traced the glaciers front positions from aerial photography since 1964 (Carbonnell and Bauer ,

1968), with a 10-year interval between 1964 and 1985, several years between 1985 to 1999, and

yearly intervals thereafter from Landsat multispectral scanner images in 1975 until Landsat
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8 (Figure 4.23).

Figure 4.23: Ice front positions of (a) Sermeq Avangnardleq (AVA), and (b) Sermeq Kujat-
dleq (KUJ), central West Greenland. Color coded from yellow (1964) to dark green (2017),
overlaid on a Landsat-8 image.

We performed a three-dimensional model of AVA and KUJ using Geosoft GM-SYS 3D soft-

ware which implements Parker (1973)’s method. The model included three horizontal layers:

1) a solid ice layer with a density of 0.917 g/cm3; 2) a sea water layer with a density of 1.028

g/cm3; and 3) a rock/sediment substrate layer with a uniform density of 2.60 g/cm3 for AVA;

2.59 g/cm3 for KUJ. For these two glaciers, because the smaller domains than JI, we only

allow a 500 m wide transition at the ocean boundary and inland at the boundary with the

MC solution for inversion. We calculate the DC-shift of the gravity data on the points where

the MC data overlapped with gravity measurements of lower errors. In order to provide a

constant data set, we gridded our final bed elevation ot the spacing of the MBES, which is

25 m (Figure 4.27 b). Density selection is decided by the rate of convergence of the solution

in terms of the bed elevation changes between modeled and initial bed for densities varying

from 2.5 to 3.0 g/cm3 with steps of 0.03 g/cm3. We find a minimum at a density of 2.60

g/cm3 for AVA and 2.69 g/cm3 for KUJ (Figure 4.24), which are also correspond with the

tonalite, granite and sandstone in this area based on the geological information from the

Geological Survey of Denmark and Greenland (Pedersen et al., 2013).
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Figure 4.24: Optimization of the bedrock density beneath Sermeq Avangnardleq (AVA) and
Sermeq Kujatdleq (KUJ), central West Greenland, obtained by comparing the r.m.s. of the
modeled gravity solution versus the observed gravity divided by the r.m.s of the observed
gravity for density values varying from 2.5 to 3.0 g/cm3. The results reveal the existence of
a minimum at a density of 2.60 g/cm3 for AVA and 2.69 g/cm3 for KUJ. The density value
we used also corresponds to tonalite, granite and sandstone, present in this area according
to the geologic maps of the Geological Survey of Denmark and Greenland (GEUS).
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Data from the upper reaches of the model domain were used Morlighem et al. (2014) to

produce an updated MC solution for the bed and ice thickness. The MC solution is a

high resolution (150 m) map obtained by combined the radar-derived ice thickness data

with ice flow vectors from satellite radar interferometry, reconstructed surface mass balance

data, and ice thickening rates from OIB laser altimetry data. The MC map is significantly

better in terms of resolution and accuracy than Bamber et al. (2013)’s 1-km spacing map

(B2013) which combined thickness data from MCoRDS using kriging with the International

Bathymetric Chart of the Arctic Ocean (IBCAO) v3 in the fjord (Jakobsson et al., 2012)

(Figure 4.26). Data quality for MC is expected to decrease closer to the ice front as errors

accumulate downstream from errors in ice flow direction, surface mass balance, and ice

thinning rates.

We use the similar method we did for JI using the gravity misfit, i.e. modeled gravity minus

observed gravity, to quantify the uncertainty of the Inversion (Figure 4.25).
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Figure 4.25: Bed elevation of Sermeq Avangnardleq (AVA) and Sermeq Kujatdleq (KUJ),
central West Greenland. (a) Bamber et al. (2013) (b) bed elevation, fjord bathymetry from
a 3D inversion of the GBMF gravity data in black boxes and MC solution color coded from
white to orange (500 m to 0 m above sea level) to green, blue and dark blue (100 to 700 m
below sea level) with 100-m contours in white. Projection is EPSG 3413, WGS84/NSIDC
sea ice polar stereographic north.
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Figure 4.26: Bed elevation of Sermeq Avangnardleq (AVA) and Sermeq Kujatdleq (KUJ),
central West Greenland. (a) Bamber et al. (2013) (b) bed elevation, fjord bathymetry from
a 3D inversion of the GBMF gravity data in black boxes and MC solution color coded from
white to orange (300 m to 0 m above sea level) to green, blue and dark blue (100 to 800
m below sea level) with 100-m contours in white. The limits of gravity inversions are thin
white-black dash lines within each black box. Projection is EPSG 3413, WGS84/NSIDC sea
ice polar stereographic north.

4.3.3 Results

The observed gravity anomalies within the survey domain vary from -95 mGal to 35 mGal,

with peak values over ocean and near the grounding zones (Figure 4.27a). The bed elevation

is well correlated with the gravity anomaly, as expected (Figure 4.27), i.e. largely negative

gravity anomalies correspond to areas of thicken ice thickness and deeper bed elevation. For

AVA, the inferred bed elevations vary from 552 m above sea level (asl) in the exposed two

rocks areas to 565 m below sea level (bsl) in the two trough tributaries (Figure 4.28). For

KUJ, the bed elevation range from 300 m asl to 650 bsl in the open ocean. Here we use the

intersections between ice front position in 1964 and the two lines AA′ (2014041402) and BB′

(2013040601) (Leuschen et al., 2010, updated 2017) recorded by the Multi-channel Coherent
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Radar Depth Sounder (MCoRDS) radar, which is developed by the University of Kansas’

Center of Remote Sensing of Ice Sheets (CReSIS), as absolute references for each glacier.

Large (> 60 m) bumps and hollows in inferred bed elevation are above the noise level and

reflect actual topographic features. We find no obvious correlation between the gravity misfit

and bed elevation, which increases confidence in the results.

X (m) X (m)

Y
 (

m
)

Figure 4.27: Bed elevation of Sermeq Avangnardleq (AVA) and Sermeq Kujatdleq (KUJ),
central West Greenland. (a) Airborne, high-resolution, free-air gravity anomalies measured
in 2012 for the GBMF survey with a color scale in mGal (1 mGal=10−5 m2/s) and 10-
mGal contours in white. Survey lines are thin black lines. Grounding line positions are
color coded from snow (1964) to pink (2017 from Landsat). The limits of gravity inversions
are thin white-black dash lines within each black box, overlaid on a Landsat-8 mosaic of
Greenland. Inset on top left shows glacier location in Greenland. (b) bed elevation, fjord
bathymetry from a 3D inversion of the GBMF gravity data in black boxes and MC solution
color coded from white to orange (300 m to 0 m above sea level) to green, blue and dark
blue (100 to 800 m below sea level) with 100-m contours in white. Profile AA′ and BB′ are
shown in Figure 4.28 and Figure 4.29. Projection is EPSG 3413, WGS84/NSIDC sea ice
polar stereographic north.
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Figure 4.28: Bed elevation of Sermeq Avangnardleq (AVA), central West Greenland. (a) MC
solution in land and multibeam echo sounding (MBES) in the ocean. (b) bed elevation form
GBMF data gridded in 25 m. Color coded from white to orange (300 m to 0 m above sea
level) to green, blue and dark blue (100 to 800 m below sea level) with 100-m contours in
purple. Profile AA′ is the Multi-channel Coherent Radar Depth Sounder (MCoRDS) radar
by CReSIS in 20140414. Black stars indicate 5 km intervals starting from the 1964’s ice
front. (c) Profile AA′ by CReSIS in 20140414 showing the glacier surface and bed elevation
from different solutions. The solution from this study (GBMF gravity data) is black for bed
(inversion) with error bars in dark gray, and hydrostatic equilibrium in dash line. The MC
solution (Morlighem et al., 2014) is light gray with error bars in lighter gray. The solution
from MCoRDS is in blue. The solution from Bamber et al. (2013) is red for the bed with error
bars in light red. The MBES measurement is magenta. The DEM 19850709 is deepskyblue
solid line with HE dash line. (d) Zoom in map of the ice front area in (c) km 0 to km 2.
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We obtain a smooth transition in bed topography between the GBMF data, the fjord

bathymetry, and the MC solution. The entrance of TOR has a 300 m sill and the whole

fjord is 700 - 800 m deep uniformly, however, shallows near the glaciers (Rignot et al., 2016).

During the mission of OMG in 2016, we mapped the fjord bathymetry close to ice front of

AVA for the first time. Only left a small area not mapped because of the rarely ice free

condition, which is only about 200 - 500 m to AVA’s ice front (Figure 4.28 a). A 200 m sill is

found at the mouth of AVA, for more than a century, the ice fronts of this glacier just hover

on this sill with a movement within 150 m (Figure 4.28 b). For KUJ, there is a 3 km gap

between MBES measurements and current ice front position (Figure 4.29 a), which is filled

by gravity inversion (Figure 4.29 b).

A comparison of the GBMF results with MC, MCoRDS and B2013 of AVA was made based

on the CReSIS line AA′ (Figure 4.28 b, 4.28 c). First, the bed elevation is deeper than the

MC solution by 100 m between km 2 to 6. Further upstream, these two solutions are in

better agreement (Figure 4.28 c). Errors in the MC product are highest at low elevation,

which are originated from errors in radar-derived thickness, ice flow direction, and correction

for glacier thinning, which accumulate in the ice flow direction. We let our inversion end

around km 12 to match MC solution beyond the inversion domain for further correction of

MC solution and future application. The differences with B2013 are larger. In the fjord,

B2013 has a sill depth of 200 m (km -5) which is an artifact could be proved by our MBES

data. On grounded ice, B2013 has a bump 200 m bsl (km 2 to 4) that is not confirmed by

MCoRDS, MC or GBMF. Between km 7 to 10, the B2013 bed elevation is 100-m shallower

than the other three datasets. Farther upstream, B2013 begins to follow MCoRDS until km

22 (the boundary of our figures’ domain). Comparing the GBMF results with the MCoRDS,

we find a perfect agreement from km 2 to 7. Although near grounding line the MCoRDS has

difficulty to identify the bed echoes in the radar echogram, its did a good job more inland

(Gogineni et al., 2014). That’s also the reason why we choose this line to do the comparison.
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Figure 4.29: Bed elevation of Sermeq Kujatdleq (KUJ), central West Greenland. (a) MC
solution in land and multibeam echo sounding (MBES) in the ocean. (b) bed elevation form
GBMF data gridded in 25 m. Color coded from white to orange (300 m to 0 m above sea
level) to green, blue and dark blue (100 to 800 m below sea level) with 100-m contours in
purple. Profile BB′ is the Multi-channel Coherent Radar Depth Sounder (MCoRDS) radar
by CReSIS in 20130406. Black stars indicate 1 km intervals starting from the 1964’s ice
front. (c) Profile BB′ by CReSIS in 20130406 showing the glacier surface and bed elevation
from different solutions. The solution from this study (GBMF gravity data) is black for bed
(inversion) and hydrostatic equilibrium in dash line. The MC solution (Morlighem et al.,
2014) is light gray with error bars in lighter gray. The solution from MCoRDS is in blue.
The solution from Bamber et al. (2013) is red for the bed with error bars in light red. The
MBES measurement is magenta. The DEM 19850709 is deepskyblue solid line with HE dash
line. (d) Zoom in map of the ice front area in (c) km -1 to km 2.
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Comparison of KUJ was also made on the CReSIS line BB′ (Figure 4.29 b, 4.29 c). A 300

m deep sill in front of the KUJ blocks the exit of icebergs, which made it impossible for

standard vessels to penetrate the fjord to measure its depth. So the MBES measurements

stopped at 3 km from the ice front during OMG 2016 mission, which is also the positions

for ice fronts in year 1989, 1990 and 1994. First, within 1 km at km 0, GBMF bed elevation

is 50 m deeper than MC. Then from km 0.5 to the end of inversion domain, GBMF and

MC match with MCoRDS very well, except B2013’s bed elevation (Figure 4.29 c); a more

detailed discussion of these could be found in Figure 4.26 (Bamber et al., 2013). A 450 m

bump is in between km 1 to 2, where is the zone for the rest of the ice fronts until 2017.

4.3.4 Discussion

The results obtained in the TOR fjord for AVA and KUJ filling the gaps and providing a

better fit with the MC reconstruction inland and the MBES offshore. This demonstrates

the practicality of using high-resolution airborne gravity to invert bed elevation and ocean

bathymetry, especially for deep fjords that are blocked by icebergs, brash ice and ice mélange.

Radar echo sounding is more precise (10-30 m) than gravity (60 m), hence direct measure-

ments with radar echo sounding still remain preferable where possible. Because there are no

geologic constraints to determine the existence, thickness and density of potential sediments

in these areas, we did not include a sediment layer in our model. GBMF solution is only

affected by potential lateral and longitudinal variations in sediment thickness, not by its

absolute value, so we conclude that our results are robust to the presence of sediments (An

et al., 2017).

In August 2008, water velocity, temperature and salinity were measured 4 km from the ice

fronts in TOR fjord (Rignot et al., 2010). Subglacial water discharge drives ocean convection,

drawing deep, warm saline waters towards the near-vertical terminal ice face. The warm
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ocean waters melt ice along the calving face, and contribute to the overflow plume. In Tor,

salinity and temperature increase with depth and small jets are found in the top 60 m to

the north and middle of the fjord, all drawing water away from the glacier front.

Our results have implications for interpreting the stability of AVA since 1964. First, it

suggests that the ice front of 1964 was anchored on a 250-m sill (km 0). The inversion

reveals that from km 0 to 2, there is another much shallower sill at the mouth of AVA. The

bed elevation rises for about 50 m as a prograde bed at this position. As a major bed obstacle

downstream, this could prevent further glacier retreat. Hence, all the ice fronts from the rest

of the record all hover within km 1 (Figure 4.28 c). Second, beyond km 2, the bed begins

to drop to 500 m bsl, which is consistent with the observed pattern from MCoRDS. The

deepest part of AVA is 565 m bsl in the middle of the glacier between km 3 and 4. Third,

the GBMF bed is smoother and more uniform than that derived from the kriging of sparse

data.

KUJ is also stable compared to the other glaciers in this area. First, there is a 300-m sill

at the edge of our MBES measurements, where the 1989, 1990 and 1994’s ice fronts sit on,

although the ice front of 1964 is 1 km behind these three. Second, bed becomes 100 m

deeper at km 0 and then with shallow slope but flatter than before. That makes the rest of

ice fronts wander around between km 0 to 2. Entirely, the KUJ has a gently retrograde bed

further inland. Similar for both AVA and KUJ, because of the smaller depth of these two

glaciers, it prevents thermal forcing from sea water to melt and undercut the glacier front.

Submarine melting is a major ablation process across the tidewater glacier fronts, because

of a two-order of magnitude larger than surface melt rates in the lower 5 km of Eqip Sermia,

Kangilerngata Sermia and TOR in July to August 2008 calculated by Rignot et al. (2010).

The warm, subsurface waters off the coast of west Greenland are fed from the east by the

subpolar gyre of the North Atlantic via the Irminger current (Myers et al., 2007). The

subpolar gyre is influenced by the North Atlantic Oscillation (NAO) and it had a big change
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during the winter of 1995 - 1996 which allowed warm subpolar waters to spread westward,

beneath colder surface polar waters (Holland et al., 2008). It explains why JI had a rapid

thinning since 1997 from prior years of slow thickening (Thomas et al., 1995). Because of

the nearby location, and with such a large-scale change in the subpolar gyre, the retreat of

KUJ’s ice front in 1998 could be also explained.

4.4 Conclusion

We employ high-resolution airborne gravity acquired at a low aircraft speed, with low ground

clearance, to resolve the bed topography - and ice thickness - of Store glacier, Jakob-

shavn Isbræ, and two glaciers, which are Sermeq Avangnardleq and Sermeq Kujatdleq in

Torssukatak Fjord of west Greenland in three dimensions using observational constraints off

shore (bathymetry) and on shore (MC solution). The results provide a more definite view

of the bed topography of these major glacier system than available previously, however, at

a spatial resolution of 750 m along the trough and with an average precision of about 60

m. For Jakobshavn Isbræ, the results reveal an asymmetric bed in the lower reaches of

the glacier, with a deeper bed along the northern flank of the trough, and a bed 300-400 m

deeper on average than estimated previously, yet consistent with the presence of a retrograde

bed favorable to fast retreat. The bed configuration upstream of the current grounding line

suggests that the glacier will continue retreating for many decades to come. A more detailed

analysis of the glacier ice flow evolution requires a numerical model. Earlier results probably

portrayed scenarios for the future evolution of glaciers that were too conservative because

they relied on a bed too shallow by a factor of two, hence a driving stress that was too

small by a factor of two. The seamless topography obtained across the grounding line reveal

the presence of a 300-m sill for AVA, which explains why this glacier has been stable for a

century, despite changes in surface melt and ocean-induced melt and the presence of a deep
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fjord (800 m) in front of the glacier. For KUJ, we also reveal the presence of a wide sill (450

m depth) near the current ice front, witch explains its stability and the stranding of iceberg

debris in front of the glacier. The GBMF bed data provide the first reliable description of

the bed topography and ice thickness for these glaciers.
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Chapter 5

Conclusions

5.1 Summary of Results

Mass loss in Greenland is primarily due to rapid changing of tidewater glaciers. To under-

stand the drastic evolution of these glaciers, it is essential to know the glacier thickness, bed

elevation below sea level, and fjord bathmetry in front of these glaciers. The use of gravity

inversion to fill gaps in bed maps of outlet glaciers is a new area of study in cryosphere sci-

ence because of previous limitations in the availability of gravity measurements. There are

several studies that have employed gravity data on glaciers before this dissertation. These

previous studies were based on the measurements from NASA’s Operation IceBridge cov-

ered both Greenland and Antarctica. One study identified the first bathymetry model of the

underlying continental shelf Larsen C (Cochran and Bell , 2012). Another study identified

an offshore ridge underneath Thwaites Glacier (Tinto and Bell , 2011), and also a study

investigated subglacial bathymetry and sediment layer distribution beneath the Pine Island

Glacier ice shelf (Muto et al., 2013).

This dissertation mainly focused on 3D gravity inversions of major glaciers in Greenland.
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High-resolution gravity data is combined with novel measurements of fjord bathymetry and

bed topography reconstructed by the mass conservation (MC) approach (Morlighem et al.,

2014). The major findings of this dissertation are as follows:

1) The new bed elevation confirms earlier studies (Thomas , 2004; Joughin et al., 2012, e.g.)

that Jakobshavn Isbræ (JI) is undergoing a marine ice sheet instability, since it is retreating

along a retrograde bed. This is the first solution of bed topography of JI from high-resolution

gravity data ( 750-m spatial resolution and 0.5-mGal precision) combined with geological

constraints, like bathymetry measurement points from eXpendable Current profiler (XCP)

and Conductivity Temperature Depth (XCTD) probes dropped from helicopters (An et al.,

2017). Based on the refined bed topography, we project that JI will keep retreating into

deeper grounds for decades to come. The current retreat rate is 0.6 km/yr; the rate of

retreat will be slower in the future due to the existence of a deep trough with narrow sides

that provides strong lateral resistance to flow. We use the gravity misfit, which ranges from

-3 to +3 mGal, to quantify the uncertainty of the inversion of our bed mapping, which is

about 60 m.

2) High-resolution gravity data in the 3D inversion helps fill gaps in major outlet glacier

bed mapping where traditional deep radar sounding methods fail. Gravity data acts as

a bridge between multibeam echo sounding (MBES) measurements in the fjord and MC

reconstruction bed elevation inland areas.

3) With the simulation of the impact of a change in aircraft speed and ground clearance

on the spatial resolution, noise level, and magnitude of the gravity anomalies recorded over

the JI trough, A guideline is provided for future gravity surveys on investigating glaciers

bed topography (Figure 2.4). Changing the ground clearance has a stronger impact on data

quality than changing the speed. I conclude that while there is flexibility in aircraft speed

below 70 m/s, it is critical to maintain a ground clearance < 200 m to detect the gravity

anomaly over the JI trough within less than 5 mGal.
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4) On land, the soundings of bed topography from the Multichannel Coherent Radar Depth

Sounder (MCoRDS) are more precise (10-30 m versus 60 m) and exhibit higher resolution

(10 m versus 750 m) than gravity inversion. The MC solution provides a high-resolution bed

topography with low errors of reliable ice thickness data. However, for deep fjords like JI,

the radar sounder signal is difficult to obtain due to thickness of ice by (>2 km), the presence

of highly absorptive and temperate ice near the bottom, combined with high surface clutter

caused by a broken up ice surface (Leuschen et al., 2010, updated 2017). Radar echoes are

challenging to interpret closer to the ocean margin. Hence, gravity data offers a seamless

mapping both on land and in the ocean.

5) Similar to MBES data, the measured bathymetry data could have a nominal vertical

precision of 1-2 m (Rignot et al., 2016). However, standard vessels cannot penetrate the fjord

to measure its depth due to the permanent presence of icebergs, brash ice, and ice mélange

caused by deep sills at the mouth of the fjords which block the exit of icebergs. Hence,

gravity inversion acts as a supplement for the fjords where surveys cannot be conducted due

to current technical and environmental state. In the warmer climate, there would be increase

in both oceanic and atmospheric temperature. Gravity inversion could provide guidelines for

future ocean measurement campaigns. With the melting of glaciers, MBES can be applied

for more ocean areas of bathymetry measurements.

6) The five-year mission, Oceans Melting Greenland (OMG) by NASA, started in 2015

was inspired by the early success of MBES mapping and gravity inversion and the goal of

this mission focused on improving estimates of sea level rise from Greenland. This mission

consists a ship collecting measurements of the depth and shape of the sea floor, as well as an

aircraft measuring free-air gravity anomalies with the AIRGrav instrument in same sectors;

collected data will be further employed in gravity inversion.

7) Density of rock is one of the important parameters in gravity modeling. To define an

optimal average density for the glacier bed, we developed a method to calculate the rate of
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convergence of the solution in terms of the misfit between modeled and initial gravity fields

for densities varying in a range based on the local geological information by the Geological

Survey of Denmark and Greenland (GEUS) (Pedersen et al., 2013).

The GBMF data provides incomparable descriptions of bed topography of these glaciers

when compared with other solutions, such as bed elevation by Bamber et al. (2013), in

reasonable agreement with the MC reconstruction. This study provides simple guidelines

to study in fjords often chocked up with iceberg debris, e.g., Helheim or Kangerdlugssuaq

glaciers, or other glaciers in Southeast Greenland, including glaciers with poor radio echo

sounding data near the calving fronts.

5.2 Implications for Future Research

This study provides some examples in gravity inversion on glacier bed topography and fjord

bathymetry combined with other data to constrain the inversion processes. The inversion

results give us a complete view of the glacier’s revolution in the past and future development.

At the same time, the results could be used in ice-ocean interaction models to predict the

ocean effects on glacier melting in the ongoing warm climate. To further develop the gravity

inversion models, we need more measurements from ocean, higher resolution and wider

coverage in gravity datasets. Specifically, the following aspects need further study in the

future:

1) Ongoing work of Helheim Glacier (HEL), (66.5◦ N, 38◦ W) is the fastest outlet glacier in

the Southeast Greenland. To have a better understanding of this glacier’s evolution and to

overcome the difficulties in bathymetry measurements, because it plays an important role

in the loss of ice from Greenland, we surveyed it with airborne gravimeter in Summer 2012.

Based on the preliminary results on HEL, the geology is quite different in north and south
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branches. Hence, further step for modeling will divide the HEL into two parts, and do the

gravity inversion separately.

2) More constraints are needed in the gravity inversion models. The constraints could

from ocean bathymetry measurements (MBES), more precise ice thickness measurements

on land or seismic measurements overlapped with gravity data, e.g., I used for JI (Clarke

and Echelmeyer , 1996). For example, Helheim Glacier in East Greenland, discharges into

deep Sermilik Fjord, which is mostly covered by sea ice from January to June and a large

ice mélange extends year-around (Andresen et al., 2012). Moreover, all the gravity data

used in this study has high-resolution and acquired by helicopter, which is relatively more

expensive than other datasets. Therefore, guidelines on gravity survey are provided. More

high-resolution gravity data will be acquired in the future.

3) More precise rock information beneath the glaciers are needed. In my gravity inversions,

a homogeneous rock density is applied for the glacier bed. However, based on several other

constraints, different rock types could be identified and then rock density distribution could

be applied to gravity inversion model as well (Greenbaum et al., 2015). A simple Bouguer

slab calculation shows that each 100 m of sediment with density 2.2 g/cm3 leads to a bed

elevation overestimate by 30 m. This magnitude uncertainty is less than the uncertainty of

our gravity inversion. Hence, we decide to not include sediment layer in our gravity model

to avoid more unexpected uncertainties. However, with available sediment measurements or

prediction from models, a sediment layer in the gravity model could be added to make the

model more precise (Gourlet et al., 2016; Muto et al., 2016; Koppes et al., 2015; Andresen

et al., 2012).

4) Based on my study, gravity models have already done a good job to help us obtain a

seamless and smooth bed topography for glaciers. However, because of the ambiguity of

inherent characteristics in gravity interpretations, magnetic data could be introduced as a

supplement to identify the geologic boundary (Tinto et al., 2015; Greenbaum et al., 2015;
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Bondzio et al., 2016).

5) This approach can be applied to other study areas where gravity surveys are available.

However, there is a large variety of different glacier types. There are differences between large

glaciers and small glaciers, Greenland glaciers and Antarctica glaciers, tidewater glaciers and

glaciers with floating ice tongues. Also, different areas have different geological features,

therefore models would need to be specific to each glacier.

In this dissertation, we employ high-resolution gravity data combined with the MC solution

on land and MBES data in the fjord to resolve bed topography for several glaciers in Green-

land. Similar methodology could be applied to other glaciers around the world. Furthermore,

the gravity method can also used in industry to identify resources or minerals.
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