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Glaciers outside the icesheets currently supply roughly the same amount of

water to sea level rise (SLR) as Antarctica and Greenland and will likely consti-

tute a significant fraction of SLR through 2100. SLR is one of the biggest chal-

lenges facing humanity, and much uncertainty remains regarding the contribu-

tion of glacier mass loss to SLR. Here we examine glaciers in the Patagonia re-

gion of southern Chile/Argentina, the Russian High Arctic (RHA) and Alaska,

which have all contributed disproportionately to SLR, a trend that is expected to

continue through 2100. The RHA is projected to be among the largest contribu-

tors, with total mass loss exceeding Alaska for 2006-2100 despite its smaller ice

volume. We focus on several icefields, including two that have received rela-

tively little attention, the Cordillera Darwin Icefield (CDI, 69.6◦W, 54.6◦S, 2,600

km2 of glaciated area) in the Patagonia region of southern Chile, and the Novaya

Zemlya Icefield (NovZ, 65◦W, 76◦N, 22,100 km2 of glaciated area) in the Russian

High Arctic. We also examine the Juneau Icefield (JIF, 58.3◦N to 59.7◦N, 3,830

km2) and Stikine Icefield (56.75◦N to 58.5◦N, 5,800 km2) in southeast Alaska.

We produce high-resolution maps of surface elevation change rates ( dh
dt ) and

velocities for these icefields. dh
dt are calculated by applying a weighted lin-

ear regression to horizontally- and vertically-aligned digital elevation models

(DEMs), revealing thinning patterns for individual glacier basins and allowing

us to estimate total mass loss for each icefield. To our knowledge, the work



presented here includes the first published study to use the technique of DEM

time series to study mass loss of entire icefields. Velocities are measured by

pixel-tracking applied to satellite image pairs, helping constrain the dynamic

component of mass loss and detect acceleration. We provide a brief overview of

the impact of changing various pixel-tracking parameters on velocity measure-

ments, demonstrating, for example, how the ability to adjust parameters helps

maximize coverage compared to working with fixed parameter values.

We find an average mass loss rate at the CDI of -3.9±1.5 Gt yr-1 between

2000 and 2011, the first produced for this icefield. Three marine-terminating

glaciers that cover 12% of the icefield area account for 31% of mass loss. Velocity

measurements at the largest of these, the rapidly retreating Marinelli Glacier,

constrain the lower bound on the annual calving flux as approximately 82±41%

of the average mass loss rate for the glacier. The disproportionate mass loss

contribution of the three tidewater glaciers, coupled with the high calving flux

and retreat at Marinelli Glacier, provide evidence that dynamic mass loss is an

important component of thinning at the CDI.

At NovZ, we extend estimates of mass loss back to 1952 and up to the

present. We find that the recent average thinning rate of -0.41±0.10 m water

equivalent yr-1 (m w.e. yr-1, or elevation change at density of 1000 kg m-3) from

2012-2013/2014 is higher than the long-term average of -0.24±0.04 m w.e. yr-1

from 1952-2013/2014. Some of the increase is likely due to warming in the re-

gion, as recent thinning is higher than the long-term average at both land- and

marine-terminating glaciers. There is also evidence of a dynamic component,

because recent thinning, retreat and front velocities are all substantially greater

at tidewater-terminating glaciers than land-terminating glaciers. The impact of

ice dynamics is particularly apparent at Inostrantseva Glacier (INO), which ac-



celerated at some point after 2006, leading to rapid retreat and thinning there.

We compare our results at the CDI and NovZ with our dh
dt and velocities for

the JIF and Stikine in southeast Alaska. We explore how variations in climate,

hypsometry and dynamics all contribute to the different magnitudes and pat-

terns of mass loss at each icefield.

The methods presented here for the assessment of icefield mass loss will help

better constrain their contributions to SLR over the coming century.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Climate change has been recognized as a significant long-term challenge facing

society (e.g., Cubasch et al., 2013). There are at least two components of climate

change that are of particular concern, global warming and sea level rise (SLR)

(e.g., Cubasch et al., 2013). Global average temperatures and sea level have both

risen sharply relative to pre-industrial levels (post-1765, e.g., Cubasch et al.,

2013), due primarily to an anthropogenic increase in atmospheric greenhouse

gas concentrations (e.g., Myhre et al., 2013). Global warming is the main driver

of SLR, via thermal expansion and increased mass loss from land ice (“eustatic”

SLR, e.g., Church and White, 2011).

Land ice contributions to sea level rise have increased in the past few

decades (e.g., Gardner et al., 2013), likely due to anthropogenic warming. Ris-

ing temperatures lead to increased melt (“climatic” mass loss, e.g., Church et al.,

2013), as well as mass loss due to changing ice dynamics that lead to higher

calving rates (e.g., Church et al., 2013), referred to here as “dynamic” mass loss.

However, estimates of the current and future contribution of land ice to SLR are

still not well-constrained (e.g., Gardner et al., 2013; Church et al., 2013). Vari-

ability in the behavior of glaciers on annual and decadal timescales leads to

significant uncertainty in the estimates of their future contribution to SLR (e.g.,

Church et al., 2013). Improved estimates of glacier mass loss, as well as a bet-

ter understanding of ice dynamics, will help refine estimates of the current and

future glacier contribution to SLR.
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We focus on glaciers outside of the icesheets, which currently supply roughly

the same amount of water to SLR as Antarctica and Greenland (e.g., Gardner

et al., 2013; Church et al., 2013) and will likely constitute a significant fraction of

SLR through 2100 (e.g., Church et al., 2013; Radić et al., 2014). Figure 1.1 shows

the regions covered by the work presented here. We produce high-resolution

maps of surface elevation change rates ( dh
dt ) by applying a weighted linear regres-

sion to horizontally- and vertically-aligned digital elevation models (DEMs),

revealing thinning patterns for individual glacier basins and allowing us to es-

timate mass loss from an entire icefield. This method is a useful complement

to other techniques that estimate mass loss. The Gravity Recovery and Climate

Experiment (GRACE) is an invaluable tool for measuring mass changes, but its

low resolution makes it difficult to apply to many smaller glaciated areas and

it cannot resolve thinning patterns within individual glacier basins (at least for

basins outside of Greenland and Antarctica). One-dimensional elevation pro-

files acquired by laser altimetry, e.g., airborne (Arendt et al., 2002) or from the

Ice, Cloud and land Elevation Satellite (ICESat, e.g., Moholdt et al., 2012a) are

very precise, but their lack of coverage can bias the resulting estimates of mass

loss (e.g., as explained in the following studies: Berthier et al., 2010; Gardner

et al., 2013; Carr et al., 2014).

Velocity maps are generated by applying pixel-tracking, specifically normal-

ized cross-correlation, to satellite image pairs. Pixel-tracking is suitable for cap-

turing high velocities at temperate glaciers, which have rapidly changing sur-

face conditions that hamper some interferometric synthetic aperture radar ob-

servations (InSAR, e.g., Paul et al., 2013), and provide more comprehensive spa-

tial coverage than ground-based methods while being less logistically challeng-

ing. Velocity measurements can detect acceleration and allow estimates of the
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Figure 1.1: Map of regions studied, indicated by blue rectangles. In the text
here, “JIF” stands for the Juneau Icefield, “Stikine” stands for the
Stikine Icefield, “CDI” stands for the Cordillera Darwin Icefield,
and “NovZ” stands for the Novaya Zemlya Icefield”.
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calving flux from marine-terminating glaciers, helping constrain the dynamic

contribution to SLR (e.g., Rivera et al., 2012a; Burgess et al., 2013; McNabb et al.,

2014).

In chapter 2, I describe and justify the parameters I used in my pixel-tracking

studies for different data types and glaciers speeds. Adjusting these parameters

can improve coverage over processing that uses fixed values.

In chapter 3, I apply our dh
dt and pixel-tracking techniques to the Cordillera

Darwin Icefield (CDI, 69.6◦W, 54.6◦S, 2600 km2 of glaciated area, figure 1.2) in

the Tierra del Fuego/Patagonia region of southern Chile. Chapter 4 presents a

similar study for the Novaya Zemlya Icefield in the Russian High Arctic (NovZ,

65◦W, 76◦N, 22100 km2 of glaciated area, figure 1.3). Each of these icefields have

received relatively little attention compared to regions such as Alaska.

The introduction provides an overview of our dh
dt methodology. Chapters 3

and 4, along with their associated supplementary material, describe our dh
dt tech-

nique in detail, and justify its application. Our dh
dt and pixel-tracking methods

are applied to the JIF and Stikine in chapter 5. The relative contribution of the

sources of uncertainty on our mass loss rate that we consider are shown in ap-

pendix C for the CDI, JIF, NovZ and Stikine. Appendix E gives the scripts we

use to perform pixel-tracking and dh
dt processing.

Glaciers in Patagonia (figure 1.2) contributed disproportionately to SLR in

recent decades (Rivera et al., 2002; Rignot et al., 2003; Ivins et al., 2011; Willis

et al., 2012a,b), with a 2003-2009 average mass loss rate almost 75% higher than

Alaska (Gardner et al., 2013). They are projected to continue contributing at a

disproportionately high rate through 2100 (Radić et al., 2014). The percentage
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Figure 1.2: The icefields of the Patagonia region in the southern Andes. The
Cordillera Darwin Icefield (CDI) has approximately 2,605 km2 of
glaciated area.
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of glaciers that are tidewater-terminating in the southern Andes is nearly dou-

ble that of Alaska (23.8% versus 13.7%, e.g., Gardner et al., 2013), with Jorge

Montt Glacier being a notable example (e.g., Willis et al., 2012b; Rivera et al.,

2012b). We provide the first maps of dh
dt and velocities for the CDI, the third-

largest icefield in the Patagonia region. Chapter 3 provides the first maps of dh
dt

and velocities for the CDI, the third-largest icefield in the Patagonia region. We

use these results to estimate recent (2000 to 2011) mass loss the CDI, as well as

constrain calving flux at the rapidly retreating Marinelli Glacier.

The Russian High Arctic is expected to be one of the largest contributors

to SLR through 2100 (Radić et al., 2014), especially given the high percentage

of tidewater-terminating glaciers there (64.7%, e.g., Gardner et al., 2013). De-

spite having roughly 40% less glaciated area and volume than Alaska (there is

an estimated 44.2 mm SLR equivalent in the RHA versus 69.3 mm SLR equiva-

lent in Alaska), the RHA is projected to contribute between 20±8 and 28±8 mm

to SLR between 2006 and 2100, versus 18±7 to 25±7 mm from Alaska (Radić

et al., 2014). The glaciers of Novaya Zemlya (NovZ) have the highest recent

mass loss rate in the RHA (-5 to -7 Gt yr-1 from 2003/2004-2009; Moholdt et al.,

2012a), which is below the rate predicted through 2100. Moholdt et al. (2012a)

also found no significant difference in thinning between the lower elevations of

marine- and land-terminating glaciers at NovZ, which suggests that dynamic

mass loss is not occurring there. retreat measurements at marine-terminating

glaciers in recent years provides some indication that dynamic mass loss is ac-

celerating (Carr et al., 2014). However, the sparse altimetry measurements used

by Moholdt et al. (2012a) may not adequately sample areas near the front of

marine-terminating glaciers, which are expected to have the strongest dynamic

thinning signal (Carr et al., 2014). Retreat measurements at NovZ made by Carr
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et al. (2014) between 1992-2010 show that marine-terminating glaciers are not

only receding more rapidly than land-terminating glaciers, but also that the rate

of retreat is increasing, which is evidence that dynamic mass loss is not only oc-

curring at NovZ, but may be accelerating.

Chapter 4 provides long-term (1952-2013/2014) and recent (2012-2013/2014)

dh
dt for NovZ, as well as maps of velocities spanning 2000 to 2014. The dh

dt esti-

mates allow us to determine whether thinning has increased recently relative to

the long-term average. We use our more spatially comprehensive dh
dt , as well as

the addition of velocity measurements, to compare areas near the front (which

corresponds to lower elevations) of land- and marine-terminating glaciers in

order to determine whether our results consistent with the dynamic thinning

expected based on the retreat observed by Carr et al. (2014). Relatively higher

thinning and velocities near the front of marine-terminating glaciers would be

evidence of dynamic thinning at NovZ, as stated in Carr et al., 2014 and Mo-

holdt et al., 2012a. We examine our velocities for any evidence of inter-annual

acceleration.

Chapter 5 compares thinning at the CDI and NovZ to two Alaskan icefields,

Stikine and the Juneau Icefield (JIF, figure 1.4). The similarities and differences

between these four icefields highlight the utility of our results for explaining

differences in thinning. The availability of our high-resolution dh
dt at these four

icefields allows us to perform a comparison of average elevation change and

hypsometry (area by elevation) (e.g., supplemental figures S2, S3 and S4, Gard-

ner et al., 2013). Our velocity results provide evidence of differences in dynamic

thinning between the four icefields, which likely contributes to higher thinning

at lower elevations. We also examine several marine-terminating glaciers at
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Stikine to see if changes in thinning through time are reflected in our coincident

velocity and retreat measurements.
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Figure 1.4: Icefields of southeast Alaska.
.

1.2 Orbital Forcing and Global Warming

Recent glacial contributions to SLR represent a departure from the typical

glacial-interglacial cycles, the characteristic global climate pattern during the

Pleistocene epoch (2.6 Ma to 11.7 ka) of the Quaternary Period, which have been

controlled by orbital forcing. Orbital forcing refers to semi-periodic changes

in incoming solar radiation due to periodic changes in the Earth’s orbital pa-

rameters (eccentricity, obliquity, and precession, e.g., Masson-Delmotte et al.,

2013) known as “Milankovitch cycles”. These cycles combine to produce glacial-
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interglacial cycles with a period of roughly 100,000 years. While the glacial-

interglacial cycles are controlled by changes in incoming solar energy, they also

require feedback with atmospheric CO2 concentrations to cause the global tem-

perature shifts necessary to effect the changes observed in paleoclimate records

(e.g., Masson-Delmotte et al., 2013).

The Pleistocene epoch was followed by the Holocene (11.7 ka to present,

e.g., Masson-Delmotte et al., 2013), which saw warming after the end of the

Younger Dryas (11.7 ka, e.g., Masson-Delmotte et al., 2013), followed by gradual

cooling from about 5000 years ago to the 19th century (e.g., Masson-Delmotte

et al., 2013). This pattern is consistent with that expected from changes in orbital

forcing (e.g., Masson-Delmotte et al., 2013), which suggests that at present there

should be gradual cooling as the climate transitions into the next glacial age.

The last 150 years have seen a reversal of this trend due to higher CO2 con-

centrations in the atmosphere from anthropogenic sources (“global warming”,

e.g., Myhre et al., 2013). Whereas orbital forcing and increases in atmospheric

CO2 concentrations typically go hand-in-hand due to positive feedback, anthro-

pogenic CO2 is not associated with orbital forcing. As a result of rising atmo-

spheric CO2 concentrations, surface temperatures increased by an average of

0.85◦C between 1880 and 2012 (e.g., Hartmann et al., 2013) and are expected to

rise by a further 2◦C globally by 2100 (e.g., figure 1.5, adapted from FAQ1.1, fig.

1 in Cubasch et al., 2013). Due to a number of factors, this temperature change

is not distributed evenly (e.g., “polar amplification”, Masson-Delmotte et al.,

2013), contributing to the heterogeneous regional response to global warming.

Overall, warming temperatures due to higher CO2 concentrations have lead to

SLR through thermal expansion and increased glacier mass loss (e.g., Church
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et al., 2013).

Figure 1.5: Projection of global temperature rise through 2100. Adapted from
FAQ1.1, figure 1 of Cubasch et al. (2013).

1.3 Global Sea Level Rise (SLR)

Global SLR was discussed in the first assessment report by the Intergovern-

mental Panel on Climate Change (IPCC, Houghton et al., 1990), which included

almost all of the major aspects of SLR that are studied today (e.g., Church et al.,

2013). These included the fact that ‘SLR occurred during the 20th century, the

rate had risen compared to the 19th century, that ocean thermal expansion and

glacier mass loss were the main contributors to 20th century SLR, that 21st cen-

tury SLR was projected to be faster than 20th century SLR, that SLR is not geo-
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graphically uniform, and SLR would continue to rise after greenhouse-gas emis-

sions are reduced’ (Church et al., 2013). Sea level has risen by approximately

100 to 120 m from the last glacial maximum (LGM, 19-20 ka, e.g., Cubasch et al.,

2013) to the present (e.g., Elderfield et al., 2012; Masson-Delmotte et al., 2013),

an average rate of about 6 mm yr-1. The actual rate of SLR underwent dramatic

changes during that time period, reaching a high of 40 to 50 mm yr-1 during

Meltwater Pulse 1A (14,600 years ago, e.g., Deschamps et al., 2012; Masson-

Delmotte et al., 2013) and falling to a rate of less than 0.5 mm yr-1 from 2000

years ago to 1899.

Recently, the rate of SLR has increased. Tidal gauge records indicate SLR of

1.7±0.2 mm yr-1 from 1900 to 2009 (figure 1.6, adapted from fig. 5 in Church and

White, 2011). Analysis of satellite altimeter data provides a rate of 3.2±0.4 mm

yr-1 from 1993 to 2009, compared with 2.8±0.8 mm yr-1 from in situ data over

the same time period (e.g., Church and White, 2011).

Thermal expansion makes up about one-third to one-half of recent SLR,

varying from 0.8±0.3 mm yr-1 from 1971-2010 to about 1.1±0.3 mm yr-1 from

1993-2010 (e.g., Church et al., 2013). Land water storage (e.g., storage of water

in dams and depletion of ground water from aquifers, Church and White, 2011)

constitutes about 5-10% of SLR from 1971-2010. The remaining SLR comes from

glacier mass loss, totaling about 1.0 mm yr-1 from 1971-2010 and 1.5 mm yr-1

from 1993-2010 (Church and White, 2011).

SLR is expected to continue through 2100 and beyond, with the rate accel-

erating to about 6 mm yr-1, resulting in a rise in sea level of 0.6±0.2 m by 2100

(e.g., Church et al., 2013). Projections are based on a variety of different sce-

narios, which contain significant uncertainties due to different emission scenar-
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Figure 1.6: Global Mean Sea Level (GMSL) from 1860 to 2010 from tide gauge
records and satellite altimetry. Adapted from figure 5 of Church
and White (2011).

ios, potential climate response, and other factors (e.g., Church et al., 2013). The

greatest uncertainty is the potential contribution of glaciers, particularly due to

changes in ice dynamics (e.g Deschamps et al., 2012; Church et al., 2013).

1.4 Glacier Contribution to Eustatic SLR

Glaciers cover about 10% of the Earth’s land surface and have a total volume

of roughly 27,000,000 km3 (e.g., Vaughan et al., 2013). If all of the ice were

to melt, sea level would rise about 66.1 m (e.g., Vaughan et al., 2013). About

58.3 m of this potential SLR is locked up in the Antarctic ice sheet, 7.4 m in the

Greenland ice sheet, and 0.4 m in glaciers elsewhere (e.g., Vaughan et al., 2013).
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Glaciers other than the Greenland and Antarctic ice sheets constitute about 5%

of the total glaciated area (726,258 km2, e.g., Arendt et al., 2012; Gardner et al.,

2013; Vaughan et al., 2013; Radić et al., 2014). Subtracting glaciers peripheral

to Greenland and Antarctica lowers the total to around 506,000 km2 (Gardner

et al., 2013), containing a mean estimate of 280 mm sea level equivalent (SLE,

e.g., Vaughan et al., 2013).

Despite their small area and volume relative to the icesheets, the current con-

tribution of glaciers outside the icesheets (and glaciers not peripheral to them) is

roughly the same magnitude as that from the icesheets. Their 2003 to 2009 con-

tribution to SLR is estimated at 0.59±0.07 mm yr-1 (from ICESat and GRACE,

Gardner et al., 2013), versus a combined 1.04 mm yr-1 between 2005-2010 from

the icesheets (e.g., table 4.6, Vaughan et al., 2013). Projections of the future con-

tribution of glaciers outside the icesheets to SLR vary greatly. Meier et al. (2007)

synthesized results from mass change studies up to 2007, and project a low con-

tribution of 0.1 m of SLR through 2100 (assuming the mass loss rate around 2007

remains constant in the future) and a high of 0.25 m SLR through 2100 (assum-

ing mass loss kept accelerating at the rate observed up to 2007). Giesen and

Oerlemans (2013) estimate a surface mass balance (SMB, or melt) contribution

of 0.07 m from glaciers outside the icesheets (also excluding icesheet-peripheral

glaciers) through 2100 using climate models. Most recently, (Radić et al., 2014)

use 14 global climate models and two emission scenarios (RCP4.5 and RCP8.5)

to project a SLR contribution of 122±28 mm to 168±28 mm between 2006 to 2100

from glaciers outside the icesheets (also excluding icesheet-peripheral glaciers),

which would represent a loss of about 45-60% of their current mean estimated

mass (Vaughan et al., 2013). RCP stands for “Representative Concentration

Pathways”, these represent different emissions scenarios based on a number
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of factors, such as future population growth, technological development, and

societal responses (e.g., Cubasch et al., 2013). RCP8.5 is a “high-emission” sce-

nario, and RCP4.5 is an “intermediate-emission” scenario, with the 8.5 and 4.5

referring to the Wm-2 of radiative forcing by 2100 (i.e., radiative forcing rises

to 8.5 Wm-2 by 2100 in RCP8.5, e.g., Radić et al., 2014). While there is signifi-

cant uncertainty as to the precise amount that glaciers outside the icesheets will

contribute through 2100, there is a consensus that it will be a substantial frac-

tion of the total glacier contribution to SLR (e.g., Vaughan et al. 2013; figure 1.7,

adapted from fig. 10 in Church et al. 2013).

Figure 1.7: Projected SLR for 2081-2100 relative to 1986-2005 for different emis-
sion scenarios. The projections of glacier mass loss in Radić et al.
(2014) use RCP4.5 and RCP8.5. Adapted from figure 10 of Church
et al. (2013).
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1.4.1 Dynamic Mass Loss

“Dynamic” mass loss (or dynamic thinning) generally refers to mass loss due to

calving (e.g., Howat et al., 2005; Meier et al., 2007; Burgess et al., 2013). This can

be a substantial portion of the total SLR contribution of a region (e.g., Howat

et al., 2008a; van den Broeke et al., 2009; Burgess et al., 2013), and provide all

of the mass loss from a single glacier (e.g., O’Neel, 2005; Burgess et al., 2013;

Melkonian et al., 2013). Almost all ablation on the Antarctic Icesheet is from

calving (e.g., Cuffey and Paterson, 2010). Dynamic mass loss rose from 0% of

total mass loss from the Greenland Icesheet (GrIS) before 1996 to about 50% by

2008 (van den Broeke et al., 2009), and is expected to constitute a large fraction

(around 50%) of the SLR contribution from the GrIS through 2100, between 14

to 83 mm depending on the emission scenario and other factors (e.g., Church

et al., 2013, see table 13.5).

Measuring surface velocities and combining these with glacier thickness is

a typical method of estimating calving flux (e.g., Motyka et al., 2003; Rivera

et al., 2012b; Burgess et al., 2013; McNabb et al., 2014), although changes in

the front position should be taken into account (e.g., if a glacier is advancing,

the calving flux is not simply the front velocity multiplied by the front thick-

ness). Burgess et al. (2013) apply pixel-tracking to SAR pairs acquired by the

Advanced Land Observation Satellite (ALOS) covering 28,022 km2 of glaciated

area in Alaska (approximately 32% of total glaciated area in Alaska, e.g., Gard-

ner et al., 2013) in an effort to estimate the dynamic component of mass loss for

these glaciers. Combining their velocities with thickness estimates based on the

relation between glacier length and mean thickness (e.g., Cuffey and Paterson,

2010; Burgess et al., 2013), they find that calving losses are -17.1 Gt yr-1, or 36%
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of the total mass loss for their study region (from GRACE results; Luthcke et al.,

2008). McNabb et al. (2014) use pixel-tracking applied to Landsat imagery to es-

timate flux at 27 tidewater-terminating Alaskan glaciers between 1985 and 2013

covering approximately 11,000 km2 (12.6% of the total glaciated area in Alaska

but 96% of the total tidewater glacier area). Accounting for thickness variations,

mass change due to terminus position and other sources of uncertainty, they

find that “frontal ablation” (which they calculate from the flux) is about 20% of

mass loss from Alaskan glaciers over their study period.

Rivera et al. (2012a) measure velocities at Jorge Montt Glacier on the South-

ern Patagonian Icefield (SPI) using geo-referenced ground-based photos and

pixel-tracking applied to an optical image pair from the Advanced Spaceborne

Thermal Emission and Reflection Radiometer (ASTER) instrument onboard the

Terra Satellite. They find a mean velocity of 13±4 m day-1 for the area near

the terminus from 2010/02/08 to 2011/01/15, reaching maximum velocities of

more than 20 m day-1. Based on their velocity measurements they estimate a

calving flux of 2.4 km3 yr-1, with 1 km of retreat occurring from 2010/02/08 to

2011/01/15 .

Early assessments of potential sea level rise did not adequately account for

ice dynamics (e.g., Church et al., 2013), and dynamic mass loss remains one

of the key uncertainties in projected SLR (e.g., Deschamps et al., 2012; Meier

et al., 2007; Church et al., 2013). The fourth IPCC assessment excluded dy-

namic mass loss from estimates of SLR contribution because “understanding of

these processes is limited and there is no consensus on their magnitude” (e.g.,

Church et al., 2013). Although a significant lack of understanding remains re-

garding glacier dynamic processes, it is now recognized that dynamic processes
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will likely lead to increasing mass loss through 2100 (e.g., Howat et al., 2005;

Vaughan et al., 2013), however, the results of Enderlin et al. (2014) suggest that

melt (referred to as surface mass balance, or “SMB”) may be the dominant com-

ponent of mass loss from the GrIS through 2100.

Tidewater Calving Glaciers (TWGs), TWG Cycle

Dynamic mass loss is dominated by tidewater calving glaciers (TWGs; e.g.,

Post et al., 2011; Burgess et al., 2013; McNabb et al., 2014), also referred to

as tidewater- or marine-terminating glaciers. Tidewater glaciers are glaciers

that terminate in the ocean, “are generally grounded on the seafloor” (Post

et al., 2011), and calve off icebergs (e.g., Molnia, 2007). Marine or tidewater-

terminating glaciers have the potential to change more rapidly than land-

terminating glaciers within the same region (e.g., Post et al., 2011; Vaughan et al.,

2013; Carr et al., 2014). The behavior of TWGs is often asynchronous relative to

changes in climate, leading to mass loss or gain that is not representative of

other glaciers in a region (e.g., O’Neel, 2005; Larsen et al., 2007; Post et al., 2011;

Burgess et al., 2013).

TWG behavior is often described in the context of the TWG cycle (figure

1.8), which is broken down into two phases, an “advance” and “retreat” phase

(e.g., Post et al., 2011). The advance phase is longer, with low calving flux,

moderate ice velocities, and stable advance of 10 to 50 m yr-1 (e.g., Post et al.,

2011). Advance is initiated when the mass balance of the glacier is positive. In

other words, the accumulation area ratio (AAR), defined as the ratio of the area

above the equilibrium line altitude (ELA, the altitude at which net accumulation

equals net ablation) to the area below the ELA, as well as the rate of accumu-
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lation, must be high enough so that accumulation outstrips ablation for a pro-

longed period (e.g., Post et al., 2011). While the glacier is gaining mass through

accumulation, erosion and transport of sediments lead to the development of

a submarine terminal moraine, which reduces buoyancy-driven calving at the

front, protects it from warm, erosive seawater, and keeps the glacier grounded

(e.g., Motyka et al., 2006; Post et al., 2011). Together, these factors initiate and

sustain advance.

Figure 1.8: The tidewater-glacier (TWG) cycle, adapted from figure 3,
http://www3.wooster.edu/treering/climate/kennedy.php.

Eventually, advance reduces the AAR to the point that ablation outstrips ac-

cumulation. This imbalance can be greatly exacerbated by climatic changes that

increase ablation or reduce accumulation. Thinning occurs at the front, which

is at the lowest elevation and therefore generally experiences the highest melt

rates (according to the adiabatic lapse rate, i.e. higher altitudes have lower tem-

peratures). Once enough thinning has occurred so that the glacier recedes from
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its submarine terminal moraine, a rapid retreat phase is initiated, as front ve-

locities increase dramatically due to greater buoyancy, leading to much higher

calving rates (e.g., Post et al., 2011). Deepening of the glacier channel behind the

terminal moraine during the advance phase (due to excavation and erosion of

material beneath the glacier) increases the impact of buoyancy forces, leading

to higher front velocities and calving during the retreat phase (Post et al., 2011,

e.g.,). As the glacier retreats a fjord takes its place, filling the channel deepened

during the advance phase.

Front retreat rates can reach 100 to 1000 m yr-1 or more (e.g., O’Neel, 2005;

Koppes et al., 2009; Rivera et al., 2012a), as the glacier becomes ‘dynamically un-

stable’ (e.g., Post et al., 2011). Dynamic instability occurs when the calving flux

is much greater than the ice resupply of the front, leading to the rapid thinning

and retreat observed. High front velocities, calving, thinning and retreat per-

sist until one or more factors combine to halt the retreat phase. One necessary

condition for preventing further retreat is that the glacier achieve dynamic sta-

bility, i.e., the ice resupply to the front equals the calving flux. This occurs when

the front reaches a fjord bathymetry or bed topography configuration (“pinning

point”) that causes a sufficient drop in buoyancy-driven calving by reducing the

depth of the water relative to the ice thickness or narrowing the front (e.g., Rig-

not et al., 2014). If the bed of the glacier presents no pinning point and the mass

balance remains negative, the glacier continues to retreat until the entire basin

is drawn down (e.g., O’Neel, 2005; Rignot et al., 2014). On the other hand, if the

glacier reaches a new pinning point at which it is dynamically stable and abla-

tion is greater than accumulation at the new pinning point (i.e., mass balance is

positive), the glacier will eventually re-enter the advance phase, beginning the

cycle anew. The AAR increases as the glacier retreats due to the reduction of
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the ablation area, which is a feedback that helps the glacier re-enter the advance

phase, but climate conditions must still allow enough accumulation to achieve

a positive mass balance.

Marine-terminating glaciers can enter the retreat phase quickly and lose

mass at rates that exceed regional averages (e.g., O’Neel, 2005; Larsen et al.,

2007; Koppes et al., 2009). The susceptibility of many marine-terminating

glaciers to this type of mass loss contributes greatly to the uncertainty regarding

the potential contribution of many glaciated regions to future SLR (e.g., Church

et al., 2013; Burgess et al., 2013). In a climatically “stable” environment, where

the same air and ocean temperatures and circulation persisted for centuries, one

would expect so see a higher proportion of tidewater glaciers in the advance

phase, as this phase generally lasts longer than the retreat phase. Observations

show this is not the case, and for many regions most marine-terminating glaciers

are thinning and retreating (e.g., Arendt et al., 2002; Rignot et al., 2003; Larsen

et al., 2007; Koppes et al., 2009; Berthier et al., 2010; Willis et al., 2012a,b; Gard-

ner et al., 2013; Carr et al., 2014), often at a higher rate than land-terminating

glaciers (e.g., Carr et al., 2014).

The current climatic trends suggest that many marine-terminating glaciers

will initiate retreat (e.g., Inostrantseva Glacier on the Novaya Zemlya Icefield;

Carr et al., 2014), while those currently retreating will continue to do so, and will

not subsequently advance to their previous front positions. Recent examples

of irreversible retreat at marine-terminating glaciers include Columbia Glacier

in Alaska (e.g., O’Neel, 2005) and several glaciers in the Amundsen Sea sector

of West Antarctica (Rignot et al., 2014). Despite the reduction of the ablation

area, accumulation is not sufficient to compensate for the rapid calving at these

22



glaciers in the absence of pinning points in the bed topography.

The most recent advance phase of many TWGs occurred when temperatures

were lower than they are today, and while increasing temperatures have led

to moderately higher precipitation in some areas, this is generally more than

compensated for by greater ablation (e.g., Vaughan et al., 2013).

1.5 Motivation

There is a clear need for ongoing monitoring of mass loss from glaciers outside

the icesheets at a sufficiently high spatial and temporal resolution to detect inter-

annual changes at the sub-basin scale if we are to understand the underlying

dynamics governing glacial mass loss and generate predictions of future behav-

ior. This monitoring must isolate the dynamic component of mass loss, which

is critical for accurately forecasting future loss. We contribute to this effort by

estimating recent mass loss and velocities for two icefields that have received

less attention than regions like Alaska: the Cordillera Darwin Icefield (CDI) in

southern Chile (figure 1.2) and the Novaya Zemlya icefield in the Russian High

Arctic (figure 1.3).

An overview of the dh
dt technique is given below. Chapters 3 and 4 (along with

their associated appendices) detail the method and associated uncertainties for

CDI and NovZ, respectively. The pixel-tracking methodology used in chapters

2, 3 and 4 is also briefly reviewed below. Chapter 2 examines the impact of

pixel-tracking parameters in more detail, and chapters 3 and 4 (along with as-

sociated appendices) detail the methodology as it is applied to CDI and NovZ,

respectively. Appendix E provides the scripts used for both pixel-tracking and
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dh
dt processing. Chapter 5 applies both the dh

dt processing and pixel-tracking de-

scribed below (with various aspects detailed in other chapters) to data at the JIF

and Stikine. Appendix C summarizes the relative contribution of the sources of

uncertainty on our mass loss rates for the CDI, JIF, NovZ and Stikine.

Many studies have quantified glacier mass loss and investigated ice dynam-

ics for different regions and time periods, using a variety of methods. The fol-

lowing sections demonstrate how the methodology here is a useful complement

to these other techniques.

1.5.1 Methods of Estimating Mass Loss

One method of estimating mass loss is hypsometry-based extrapolation of thin-

ning rates to wider regions. Thinning rates are computed by differencing one-

dimensional elevation profiles from airborne or satellite laser altimetry (e.g.,

Arendt et al., 2002; Moholdt et al., 2012a; Gardner et al., 2013; Arendt et al.,

2013). An advantage of this method is the excellent precision on the elevations

(e.g., Howat et al., 2008b; Moholdt et al., 2012a). A major drawback is the sparse

sampling of this method, which might miss the termini of rapidly thinning,

marine-terminating glaciers (e.g., Howat et al., 2008b; Carr et al., 2014).

Arendt et al. (2002) used centerline profiles acquired by airborne laser al-

timetry laser altimetry to estimate volume changes at 67 Alaskan glaciers for

two different time periods. Extrapolating to all of Alaska, they estimated that

the average SLR contribution from Alaskan glaciers rose from 0.14±0.04 mm yr-1

between the mid-1950s and mid-1990s to 0.27±0.10 mm yr-1 from the mid-1990s

to 2000-2001. They concluded that this represented Alaska’s recent average con-
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tribution to SLR, noting that it was the largest yet measured for any region.

However, Arendt et al. (2002) underestimated both the temporal and spatial

variability of mass loss at Alaskan glaciers. The 67 glaciers included in their

study represent only about 20% of the glaciated area in Alaska. The lack of ade-

quate coverage meant their estimate was not representative of the entire region

(e.g., Berthier et al., 2010; Arendt et al., 2013). Berthier et al. (2010) also note

that centerline thinning should be greater than thinning at the glacier margins,

which likely caused Arendt et al. (2002) to overestimate mass loss for their study

periods.

The estimated SLR contribution of Alaskan glaciers has since been revised,

with studies that apply alternative techniques finding lower average thinning

(e.g., Berthier et al., 2010; Arendt et al., 2013). Arendt et al. (2013) use mascon

solutions (a mascon is an area over which the mass change is estimated) from

GRACE to find a mass loss rate of -61±11 Gt yr-1 from 2003 to 2009 for glaciers

along the Gulf of Alaska, equivalent to 0.17±0.03 mm yr-1 of SLR. Many mea-

surements of mass loss from icefields are now made using GRACE (e.g., Jacob

et al., 2012; Moholdt et al., 2012a; Arendt et al., 2013; Gardner et al., 2013).

GRACE has several advantages over other techniques. It directly measures

acceleration due to changes in mass, as opposed to inferring mass changes from

changes in elevation. GRACE also has high temporal resolution, providing 10

day repeat measurements with global coverage (e.g., Arendt et al., 2013). This

allows the system to monitor sub-annual mass changes.

The two main drawbacks of GRACE are its low spatial resolution (“pixels”

are about 150 by 150 km) and the need to separate out signal from sources other
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than glacier mass change (e.g., Howat et al., 2008b; Arendt et al., 2012). Low

spatial resolution hampers the ability of GRACE to measure mass loss from

“smaller” icefields, such as those in the Himalayas and the Cordillera Darwin

Icefield. It also means that GRACE cannot resolve the pattern of mass change

for individual glacier basins. The behavior of different glaciers within the same

icefield can vary dramatically, and a clear picture of that spatial variability can

be critical to understanding how and why mass loss is occurring.

DEM-differencing is one method that can address the drawbacks of mea-

surements from both laser altimetry and GRACE. DEMs offer relatively com-

prehensive spatial coverage versus altimetry, and are much higher resolution

than GRACE, typically 30 to 90 m per pixel (e.g., Howat et al., 2008a; Willis et al.,

2012a,b). Berthier et al. (2010) use DEM-differencing to estimate a 1962 to 2006

average SLR contribution of 0.12±0.02 mm yr-1 from Alaskan glaciers, and the

method has been applied to estimate mass loss from glaciers on the Greenland

Icesheet (e.g., Howat et al., 2008a,b). Rignot et al. (2003) use DEM-differencing

to estimate mass loss from the Northern and Southern Patagonian Icefields (NPI

and SPI), finding an SLR contribution of 0.11±0.01 mm yr-1 between 1995 and

2000.

Both Berthier et al. (2010) and Arendt et al. (2013) highlight the need for

further, higher-resolution studies of thinning to provide a more accurate and

precise picture of mass loss at non-Greenland, non-Antarctic glaciers. Arendt

et al. (2013) state that “further constraints on subregional and seasonal estimates

are necessary to improve fidelity to ground observations”, and Berthier et al.

(2010) “advocate the use of sequential DEMs to obtain a comprehensive view of

glacier and ice-cap contributions to SLR”.
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Surface Elevation Change Rates (dh
dt )

We improve on DEM-differencing by applying a weighted linear regression to

horizontally- and vertically-aligned DEMs, allowing us to incorporate all avail-

able elevation data for a given area. This is particularly useful when the avail-

able DEMs have relatively high uncertainties (e.g., 5 to 30 m for ASTER; Rignot

et al., 2003; Fujisada et al., 2005; Howat et al., 2008a,b; Berthier et al., 2010; Willis

et al., 2012a,b; Melkonian et al., 2013, 2014), and in the often snow-covered ac-

cumulation zones, where DEMs derived from stereo-optical image pairs are less

reliable. We use DEMs from C-band (and X-band, where available) InSAR ac-

quired during the Shuttle Radar Topography Mission (SRTM) flown in Febru-

ary 2000, stereo-optical imagery acquired by ASTER from 2000 to the present,

stereo-optical imagery acquire by the WorldView satellites (2011 to the present),

and one DEM based on aerial maps and ground surveys (the 1952 cartographic

DEM at NovZ).

ASTER DEMs are horizontally coregistered to a common reference surface

in order to minimize vertical offsets due to misregistration before applying the

weighted linear regression. The reference surface varies depending on the re-

gion, but always consists of off-ice areas because we expect them to change very

little during our study periods, which are ten to fifteen years. Bedrock elevation

change rates of up to 3 to 4 cm yr-1 have been observed in Alaska and Patagonia

due to glacial isostatic adjustment (e.g., Larsen et al., 2005; Dietrich et al., 2010),

and Gardner et al. (2013), whose overview encompasses the Russian High Arc-

tic, assume bedrock elevation change rates of 2 to 3 cm yr-1. These rates are

two to three orders-of-magnitude less than the glacier elevation change rates

we typically observe, and one to two orders-of-magnitude less than our typical
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uncertainties, so we consider off-ice elevation change during our study peri-

ods to be negligible. The DEMs are then vertically coregistered using off-ice

elevations to remove any vertical shift or planar trend (figure 1.9 gives a brief

overview of this procedure). The technique used for horizontal coregistration

has improved from study to study, from the Automated Registration and Or-

thorectification Package (AROP, Gao et al., 2009) used in Willis et al. (2012a),

Willis et al. (2012b), and Melkonian et al. (2013) to “ampcor”-based coregistra-

tion in Melkonian et al. (2014) to the “pc align” tool used to coregister ASTER

DEMs to the 1952 cartographic DEM over Novaya Zemlya. The mean standard

deviations of off-ice elevation differences between ASTER DEMs and the SRTM

DEM over the JIF after AROP and after “ampcor” coregistration were 17.6 m

and 16.6 m, respectively, the median standard deviations were 17.6 m and 16.3

m, respectively (from a total of 79 DEMs). “ampcor” coregistration reduced the

standard deviation of 52 DEMs. AROP was only capable of reducing the stan-

dard deviation of 29 DEMs. The mean standard deviations of off-ice elevation

differences between ASTER DEMs and the 1952 cartographic DEM at NovZ be-

fore coregistration, after “ampcor” coregistration, and after “pc align” coregis-

tration were 26 m, 22 m and 20 m, respectively, the median standard deviations

were 26 m, 22 m and 19.7 m, respectively (from a total of 93 DEMs).

Figure 1.10 shows the off-ice elevation differences between an ASTER DEM

and the SRTM DEM over the JIF before horizontal coregistration, after horizon-

tal coregistration using AROP, and after vertical coregistration. AROP is able

to improve the fit between the DEMs, lowering the standard deviation of the

off-ice elevation differences, and vertical coregistration brings the center of the

distribution closer to zero, removing a large part of the bias in the DEM. Fig-

ure 1.11 demonstrates the impact of horizontal coregistration (pane “b”) and
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subsequent vertical coregistration (panel “c”) on off-ice elevation differences

between a 2003/07/11 ASTER DEM and the 1952 cartographic DEM. Again,

vertical coregistration ensures that the off-ice elevation differences are centered

close to or on zero, and reduces the standard deviation as well.

Horizontally coregister 

Vertically 
coregister 
using 
bedrock  
elevations 

DEMs	  “stacked”,	  ready	  for	  
weighted	  linear	  regression	  

Figure 1.9: Overview of pre-processing for ASTER DEMs. Horizontal coreg-
istration is performed on proxy imagery (ASTER L14 band V3N
images) when using AROP, on hillshade DEMs when using “am-
pcor”, and on a point cloud representation of the DEM when using
“pc align”. Vertical coregistration removes a planar trend from the
bedrock elevation differences between the ASTER DEM and refer-
ence DEM.

Horizontal coregistration is not applied to the WorldView DEMs over NovZ

because they typically have horizontal errors of less than 5 m, which has a negli-

gible impact on our dh
dt , but does matter for steeper areas, for example, nunataks.
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WorldView DEMs over NovZ are vertically coregistered by shifting them by

their median difference with ICESat elevations (accurate to around 0.5 m, e.g.,

Moholdt et al., 2012a) over bedrock.

After the DEMs are vertically coregistered a weighted linear regression is

performed to calculate the dh
dt . The weight assigned to each DEM is the inverse

of the standard deviation of its off-ice differences with a reference surface (i.e.

the lower the uncertainty, the greater the weight assigned to a DEM). The influ-

ence of erroneous elevations due to cloud, shadow and other sources of error is

mitigated by excluding elevations that deviate by more than a certain rate from

the reference elevation. These bounds are set according to the maximum thick-

ening and thinning expected, and are discussed in more detail in chapters 3 and

4.

Uncertainty on the dh
dt calculation is obtained from the covariance matrix pro-

duced by the regression (e.g., Aster et al., 2005). The resulting dh
dt are converted

to a mass change rate by making assumptions regarding density, another source

of uncertainty. Additional sources of uncertainty are the ELA (if assuming a dif-

ferent density of the glacier surface materials in the ablation and accumulation

zones), maximum deviation allowed from the reference elevation (for identify-

ing errors due to cloud cover, etc.), and sub-aqueous mass loss or gain. Uncer-

tainties on dh
dt and mass change rates are reviewed in chapters 3 and 4.

1.5.2 Methods of Measuring Glacier Velocities

Many methods are used to measure glacier velocities, almost all of which mea-

sure surface velocities. GPS (e.g., McGee, 2007; Joughin et al., 2008; Truffer et al.,
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2009; Sugiyama et al., 2011) has been used to track glacier motions with ex-

tremely high accuracy and precision. However, GPS is logistically challenging

to install, resulting in relatively sparse measurements that are often concen-

trated in the most accessible regions of the glacier, which tend not to include

the heavily-crevassed front region for many glaciers. GPS often serves in a com-

plimentary role as ground truth for remote sensing-based measurements of ve-

locities (e.g., Joughin et al., 2008; Truffer et al., 2009; Melkonian et al., 2014).

Other ground-based methods, such as terrestrial laser scanning (e.g., Schwalbe

et al., 2008), ground-based cameras (e.g., Rivera et al., 2012a), and ground-based

SAR (e.g., Luzi et al., 2007), suffer from some of the same logistical challenges.

Remote-sensing methods of measuring glacier velocities are less accurate or

precise, with lower temporal sampling rates than continuous GPS, for exam-

ple, but allow much more extensive coverage and are far less logistically chal-

lenging. For example, a satellite can be tasked with imaging glaciers across the

globe multiple times within a given study period, whereas ground-based tech-

niques generally cover only several glaciers or just one glacier (Luzi et al., 2007;

Schwalbe et al., 2008; Rivera et al., 2012a, e.g.,) and require trips to the field for

installation and removal. Therefore the marginal cost of remote-sensing is far

lower than ground-based methods, which, combined with greater spatial cov-

erage, makes it the primary technique for measuring repeat glacier velocities

through time over large areas.

InSAR

Interferometric Synthetic Aperture Radar (InSAR) is a method which measures

the phase differences between two SAR images. InSAR has been used exten-
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sively to measure deformation due to earthquakes (e.g., Fialko et al., 2001),

magmatic processes (e.g., Pritchard and Simons, 2002), as well as measuring

glacier motion (e.g., Sharov, 2005; Rignot and Kanagaratnam, 2006). Satellite

SAR wavelengths are typically 3 cm (X-band) to 24 cm (L-band). InSAR is a

very precise method, able to measure centimeter-scale deformation (e.g., Fialko

et al., 2001). However, larger offsets, particularly those at glacier fronts which

can be meters or tens of meters per day and change rapidly over distances of

hundreds of meters to a few kilometers, are difficult to capture using InSAR

with the repeat times of SAR imagery available in the current archive (1 day for

ERS to 46 days for ALOS). Rapidly changing surface properties, particularly at

temperate glaciers, can also hamper the ability of InSAR to measure displace-

ments (e.g., Paul et al., 2013). Finally, a single SAR interferogram only constrains

one component of motion, making it difficult to determine the glacier velocity

vectors, particularly if their orientation is perpendicular to the look direction

(e.g., Moholdt et al., 2012b). Multiple-aperture interferometry (e.g., Bechor and

Zebker, 2006; Barbot et al., 2008) is an InSAR technique that can measure two

components of motion, but otherwise suffers from the same drawbacks as con-

ventional InSAR.

Pixel-Tracking

Pixel-tracking is able to overcome many of the problems faced by InSAR, al-

beit with a far lower precision. Pixel-tracking, feature-tracking, offset-tracking,

and the various permutations of this term all refer to tracking motions between

image pairs covering the same location acquired at different times using some

form of cross-correlation, providing two components of motion. Changing sur-
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face properties that lead to decorrelation, which refers to the lack of successful

correlation due to too much change in surface conditions (e.g., snowfall) and/or

features suitable for tracking (e.g., crevasses), are still a concern (see chapter 2

for a more detailed discussion). However, because pixel-tracking operates on

features such as crevasses which are on the scale of meters or tens of meters,

pixel-tracking is able to successfully measure offsets over longer time periods

before decorrelation becomes a serious problem (see chapter 2, also, e.g., Paul

et al., 2013).

Image sources include terrestrial oblique photography (e.g., Rivera et al.,

2012b), remotely acquired synthetic aperture radar (SAR, e.g., Fialko et al., 2001;

Burgess et al., 2013; Melkonian et al., 2013, 2014), and remotely acquired opti-

cal imagery (e.g., Scambos et al., 1992; Scherler et al., 2008; Willis et al., 2012a;

Melkonian et al., 2013, 2014; McNabb et al., 2014). Pixel sizes vary from 0.5 m

by 0.5 m or smaller for some high-resolution optical satellites (e.g., WorldView,

QuickBird) and aerial imagery to 15-30 m for ASTER and Landsat, with SAR

pixel-sizes generally in the 2 to 8 m range. These are all orders-of-magnitude

larger than SAR wavelengths, but sub-pixel accuracy is achieved via oversam-

pling of the “correlation surface”. The “correlation surface” consists of corre-

lation coefficients produced for each pixel in the search window (the bottom

panel of figure 1.12 gives flattened, 2-D examples of this), and to find the best

sub-pixel match interpolation is used to produce values between pixels. While

the resulting precision of the pixel-tracking measurements is still lower than

InSAR, the relatively high velocities of glaciers compared with other ground

deformation signals reduces the need for such high precision. Table 1.1 summa-

rizes the imagery data used for pixel-tracking in chapters 3 and 4, as well as for

the examples in chapter 2.
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Table 1.1: Summary of imagery used in pixel-tracking

Satellite/Instrument Type Resolution Band/Wavelength
Landsat 5 Optical 30 m Band 4
Landsat 7, 8 Optical 15 m Band 8
ASTER (onboard Terra Satellite) Optical 15 m Band V3N
WorldView 1, 2; QuickBird 2; GeoEye-1 Optical 0.5 to 1 m Pan-band
ALOS Radar ∼8 by 4 m L-band (24 cm wavelength)
ERS Radar ∼20 by 4 m C-band (5.6 cm wavelength)
TerraSAR-X Radar ∼2.4 by 1.7 m X-band (3.1 cm wavelength)

We use the “ampcor” tool from ROI PAC (Rosen et al., 2004), which per-

forms normalized amplitude cross-correlation in the spatial domain. Figure

1.12 gives a diagram overview of the cross-correlation process, which produces

cross-correlation coefficients by establishing a reference window in the refer-

ence (or base image) and moving that window pixel-by-pixel around a search

window in the search image centered on the same coordinates as the reference

window in the reference image. The resulting cross-correlation coefficients form

the correlation surface, which is oversampled to achieve sub-pixel accuracy.

Figure 1.13 gives an overview of the processing chain. Pre-processing

(shown in green) consists of one or more of horizontal coregistration, orthorec-

tification, and prefiltering. The lines coming from panels “a” and “b” indicate

that the imagery can either go through one or more of the pre-processing steps

or it can go directly to the “ampcor” step of main processing.

Coregistration and orthorectification are not usually needed when using

Landsat 7 and 8 image pairs because these are almost always terrain-corrected

and well-registered by the provider. The registration is usually excellent when

images are from the same orbital path and row. Prefiltering, generally consist-

ing of convolution with a Gaussian high-pass kernel to enhance crevasses, is

occasionally performed if the Landsat 7/8 results do not produce offsets where
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crevasses are clearly present. Figure 1.14 demonstrates the improved cover-

age over crevassed areas obtained by prefiltering a 2013/04/22 to 2013/08/19

Landsat 8 pair over Bunge Glacier on NovZ.

ASTER product 14 imagery comes orthorectified from the provider and is

sometimes coregistered if this improves the fit between images in the pair.

ASTER product 1B image pairs are not orthorectified and must be coregistered

and orthorectified before processing. ASTER imagery is usually prefiltered.

Motion-elevation correction (detailed in chapter 3) is often a necessary step in

post-filtering of ASTER results, as orthorectification and coregistration are usu-

ally not as good as Landsat 7/8 imagery.

SAR imagery is always coregistered and never pre-filtered, as limited tests

with edge-enhancing filters (e.g., Laplacian) reduced the area of coherent results

to an undesirable extent. Post-filtering on SAR imagery often includes ramp-

removal (see chapter 2, e.g., figure 2.9).

Almost all velocities, regardless of the data type, are post-filtered to re-

move incoherent results, although the original results are kept because post-

filtering can remove high velocities that often occur at the front of marine-

terminating glaciers. Chapter 2 compares our typical post-filtering method,

which is coherency-based (e.g., removes pixels unlike surrounding pixels), with

a “covariance”-filter, which uses values produced by “ampcor” that reflect the

quality of the fit between the reference window in the reference image and the

reference window in the search image.
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1.5.3 Glacier Mass Balance

The methods described above are tools that help assess the two primary abla-

tion components of the mass balance for NovZ and the CDI, as well as Stikine

and the JIF in Alaska. The mass balance of a glacier system is the net of mass

inputs and outputs (e.g., pg. 91, Cuffey and Paterson, 2010). If the mass bal-

ance is negative, the glacier is losing mass, if it is positive, the glacier is gaining

mass. Many different processes factor into the calculation of mass balance for

any glacier. Mass outputs, or ablation processes, include melt (if it is trans-

ported outside of the glacier system), calving, and sublimation. Mass inputs, or

accumulation processes, include snowfall, avalanches, and windblown snow.

Different processes dominate the mass balance for glaciers in different set-

tings. Ablation in Antarctica is dominated by calving, which accounts for

around 90% of mass loss there (e.g., pg. 121, Cuffey and Paterson, 2010). Surface

melt tends to be more important on land-terminating glaciers, where calving is

limited, particularly those where temperatures are relatively high.

Glacier velocities can be used to estimate the calving component of mass

balance (if the front position is known), and surface elevation change rates can

be used to approximate the overall mass change. While it is true that other

changes in the ice column that do not affect the overall mass can impact the dh
dt

(such as compaction), these factors are minor compared to surface melt (often

referred to as surface mass balance, or “SMB”), calving, and accumulation. The

two largest components of mass balance not captured by these methods are sub-

aqueous mass loss and basal erosion, which reduces the surface elevation of the

glacier but does not represent mass loss. Chapters 3 and 4 discuss the potential

impact of sub-aqueous mass loss and basal erosion on mass loss estimates for
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each icefield.
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Figure 1.10: Off-ice elevation differences between 2008/08/27 ASTER DEM
and the SRTM DEM over the JIF before and after horizontal coreg-
istration using AROP. Panel “a” shows the map of off-ice elevation
difference before AROP, panel “b” shows the histogram of off-ice
elevation differences before AROP, panels “c” and “d” are the af-
ter AROP map and histogram of off-ice elevation differences, re-
spectively. Panels “e” and “f” are the map and histogram of off-
ice elevation differences, respectively, after vertical coregistration.
Horizontal coregistration reduces the standard deviation, vertical
coregistration brings the center of the distribution closer to zero.
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Figure 1.11: Histograms of off-ice elevation differences between 2003/07/11
ASTER DEM and the 1952 cartographic DEM over NovZ before
horizontal coregistration (panel “a”), after horizontal coregistra-
tion using “pc align” (panel “b”), and after horizontal and vertical
coregistration (panel “c”). The vertically coregistered DEM is at
the original resolution (30 m) instead of the reference DEM resolu-
tion (120 m), causing the histogram to appear “smoother”, but this
does not preclude direct comparison of the standard deviations
given the sufficiently great number of pixels at both resolutions.
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Figure 1.12: The process of cross-correlation. In the top panel, a reference win-
dow is set up at (rx, ry) in the reference image, in the search image
a reference window is moved pixel-by-pixel within the search win-
dow centered on (rx, ry). The bottom panel gives an example of the
cross-correlation coefficients that result from this for two different
scenarios: on the left, uniform cover (e.g., clouds), which produce
uniformly high coefficients, on the right, for distinct features (e.g.,
crevasses), where a few coordinates produce high coefficients and
the rest produce lower coefficients. The signal-to-noise ratio (SNR)
is the peak cross-correlation coefficient divided by the average co-
efficient. The SNR is low for uniform cover and high for distinct
features. Adapted from figs. 1 and 2 in Gao et al. (2009).
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Figure 1.13: Flow-chart of processing chain for pixel-tracking, using
2002/03/07-2003/03/23 Landsat 7 band 8 image pair over
Hubbard Glacier as an example. Green indicates pre-processing,
black main processing, blue post-processing. Dashed lines
indicate “optional” steps, solid lines indicate minimum necessary
steps, which consist of normalized amplitude cross-correlation
performed by “ampcor” and geocoding of the results. “ortho.”
refers to orthorectification. Panels “a” and “b” are the input
images, panels “c” and “d” are the output E-W and N-S velocities,
respectively.
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Figure 1.14: Map of velocities from a 2013/04/22 to 2013/08/19 Landsat 8
band 8 pair over Bunge Glacier on NovZ (see figure 1.3). Panel
“a” shows non-prefiltered results, panel “b” shows the results after
the images were convolved with a 5 by 5 pixel Gaussian high-pass
kernel. Prefiltering yields greater coverage over crevassed areas.
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CHAPTER 2

PIXEL-TRACKING

QUANTIFYING AND CHARACTERIZING MASS LOSS FROM ICEFIELDS

USING REMOTE SENSING

Andrew Kenneth Melkonian, Ph.D.

Cornell University 2015

This chapter explores the impact of various factors on pixel-tracking results

from optical and SAR image pairs. We provide examples of the effects of vary-

ing the “reference” and “search” window parameters, demonstrating how the

most appropriate values for these parameters depends on the data type, maxi-

mum motion expected, and several other factors. In some cases we seek to find

the maximum front speed, in others we want to maximize our coverage in order

to distinguish between different glacier basins. Certain data types and values

for the reference and search windows are better at achieving the first objective,

others are more suited to the second. Varying these parameters can expand

coverage beyond what can be achieved using fixed values.

Changing the reference and search window sizes can only improve results

to a point, though, as other factors place limits on how much displacement in-

formation can be obtained from a particular image pair. Time separation is one

of the most important determinants of the motion that can be captured for a

given glacier. This is demonstrated by velocity results at LeConte Glacier on

the Stikine icefield, where decorrelation occurs at the front between time inter-

vals of 16 to 32 days, preventing successful pixel-tracking at the fast-moving



front. Shadows are another factor affecting pixel-tracking, sometimes prevent-

ing successful cross-correlation and sometimes not, depending on the underly-

ing features and how much the shadow reduces illumination. Shadows are an

important consideration when applying pixel-tracking to optical scenes with a

very low sun elevation, as the shadows cast by topography tend to cause pixel-

tracking to fail. We provide an example of this at South Sawyer Glacier on the

Stikine Icefield.

The reference and search window size, along with time separation, are all

parameters set at the time of processing. After velocities have been produced,

different techniques can be used to filter the results. We compare the perfor-

mance of our typical technique, coherency-based filtering, with filtering based

on the covariance matrix values calculated by “ampcor”. We find that the co-

herency filter retains more good results while removing more noise, but the

covariance filter has application as a way of removing coherent noise missed by

the coherency filter.



2.1 Introduction

Two of the primary adjustable parameters when using “ampcor” to perform

pixel-tracking on image pairs are the “reference” and “search” windows (these

bear no relation the “reference” and “search” images). The reference window,

also known as the “chip”, is the area for which a cross-correlation coefficient is

calculated. The search window is the box of pixels for which a cross-correlation

calculation is performed.

During pixel-tracking, a reference window is set up at a given point in the

reference image. The search window in the search image is centered on the same

coordinate as the reference window in the reference image. A reference window

is then “moved” pixel-by-pixel around the search window in the search image,

while the reference window in the reference image remains fixed, and a cross-

correlation coefficient is calculated for each pixel in the search window, creating

a cross-correlation “surface”.

This surface is then oversampled using sinc interpolation by a factor of 64 (to

achieve sub-pixel accuracy), and the peak correlation coefficient is found. The x,

y offset corresponding to the peak correlation coefficient is recorded as the offset

associated with that pixel between the reference and search images. A signal-

to-noise ratio (SNR), calculated by dividing the peak correlation-coefficient by

the mean cross-correlation coefficient, is recorded along with the offset.

The reference window should be made large enough to capture features that

correlate well between the images. For example, if crevasses are 15 meters apart

on a particular glacier an appropriate starting size for the reference window

would be 75 meters so that the reference window includes several crevasses.
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The reference window should also be smaller than the smallest glaciers where

motion results are desired. For example, if the smallest glacier where motion re-

sults are desired is 500 m wide, then the reference window should not be much

larger than 100 m, to obtain at least a few (relatively) independent measure-

ments of the glacier’s surface velocity.

A larger reference window will also tend to “average out” or “blur” the ve-

locities, as more features that have different offsets are included within the refer-

ence window, which can obscure some details of the glacier motions. However,

this can also fill gaps missed by smaller reference windows that did not include

enough features to correlate well.

The search window should be set large enough to capture the maximum

motion, keeping in mind that if the motion is not entirely along the x- or y-axis,

the x- and y-component of that motion will be less than the overall magnitude

of the motion. For example, if the maximum motion expected is 10 m day-1,

the pixel size of the input imagery is 15 m, and the time separation is 100 days,

then the search window should be 10 × 100 / 15, or 67. Below, we examine

the impact of changing both the reference and search windows on results using

images from various sensors.

We also demonstrate how other factors impose constraints on the motion

that can be detected from a given image pair. Time separation is among the most

important, and depending on the maximum motion and geometry of a glacier a

shorter or longer time interval may be required. Too short an interval between

the two images in a pair can lead to prohibitively high bedrock motions even if

the coregistration is quite good, and in areas moving more slowly a shorter time

interval may not allow sufficient offsets above the level of bedrock motion. Too
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long an interval can lead to decorrelation, where features in the earlier image

are no longer discernable in the later image. Using several Landsat image pairs

over LeConte Glacier on the Stikine Icefield, we show that a 32-day pair is too

long to measure front velocities, whereas a 7-day pair produces almost complete

coverage at the front. Generally, when trying to measure slower motions, a

longer time interval is required, and when trying to measure faster motions, a

shorter time interval is required.

Shadows also limit the velocities that can be measured from an image pair.

Lower sun elevations lead to larger shadows cast by the high-relief topography

in our study regions, preventing pixel-tracking in many areas, particularly nar-

row glaciers. This becomes more of a problem the closer the acquisition time of

the scene to winter. The presence of shadow does not always prevent successful

velocity measurements, however. Results from a Landsat 8 pair over LeConte

show that shadows cast by thin clouds can be overcome by normalized cross-

correlation, especially when the features being obscured are crevasses, which

are more easily correlated.

Once velocities are produced, we use post-filtering to remove noise. Our

typical method, a coherency filter, requires that pixels have a certain number of

surrounding pixels within a certain velocity value, and if they do not meet the

set criteria they are removed. This technique is excellent at removing incoherent

noise, but there are other post-filtering techniques available. We compare it to

a post-filtering using the covariance matrix values calculated by “ampcor” for

each offset, which are a measure of the matching accuracy. While the covariance

filter is a better method for removing coherent noise, it excludes more good off-

sets than the coherency filter and is worse at removing incoherent noise, which
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is usually more of a problem than coherent noise.

2.1.1 Reference Window Size

SAR Pixel-Tracking - ALOS

Figure 2.1 shows results from a 2007/11/19 to 2008/01/04 (46-day) ALOS pair

over the JIF for reference window sizes ranging from 20 by 40 to 60 by 120.

A reference window of 20 by 40 pixels does not yield any useful results

(panel “a”), therefore it is too small to incorporate sufficient area for good cor-

relation. 40 by 80 is large enough to produce velocities over 36% of the possible

glaciated area for this pair (panel “b”), and captures some of the region of maxi-

mum motion along the trunk of Taku Glacier. Panel “c” shows the results of the

60 by 120 reference window, which cover 55% of the possible glaciated area for

this pair and is still small enough to capture the area of maximum motion on

Taku Glacier. The 60 by 120 reference window is also still small enough to dis-

cern the pattern of motion for Taku Glacier, with maximum velocities along the

centerline. A reference window size of 60 by 120 pixels provides greater cov-

erage while retaining maximum velocities, therefore we conclude it performs

better than a 20 by 40 or 40 by 80 reference window for this pair.

Figure 2.2 compares ALOS pixel-tracking results using different reference

window sizes over glaciers in another region, the St. Elias mountains in Alaska.

The speeds in panel “a” were produced from a 2010/01/29 to 2010/03/16 (46-

day) ALOS pair using a reference window size of 30 by 60 pixels, panel “b”

using a reference window of 40 by 80, and panel “c” using a reference window
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Figure 2.1: Pixel-tracking results for an ALOS SAR image pair (2007/11/19-
2008/01/04) using different reference window sizes and a search
window of 32 by 32 pixels. Panel “a” shows results for a reference
window of 20 by 40 pixels, panel “b” shows results for a reference
window of 40 by 80, and panel “c” shows results for a reference
window of 60 by 120. 20 by 40 is too small to capture any useful
results. 40 by 80 gives results over 36% of the icefield covered by
this ALOS pair, 60 by 120 gives results over 55%.
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of 60 by 120. Coverage over the glaciated area increases from 1600 km2 using a

reference window size of 30 by 60 pixels to 2500 km2 using a reference window

size of 40 by 80 pixels, all the way to 3500 km2 using a reference window of 60 by

120 pixels. The percentage increase in coverage going from a reference window

size of 40 by 80 to 60 by 120 is roughly the same as for the ALOS pair in figure

2.1, around 40 to 50%.
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Figure 2.2: Pixel-tracking results for the 2010/01/29-2010/03/16 ALOS SAR
image pair over the St. Elias mountains using different reference
window sizes and a search window of 100 by 200 pixels. Panel “a”
shows results for a reference window of 30 by 60 pixels, panel “b”
shows results for a reference window of 40 by 80, and panel “c”
shows results for a reference window of 60 by 120. The red boxes in
each panel indicates the area shown in figures 2.3, 2.4 and 2.5.

While it is clear that a reference window of 60 by 120 yields greater cov-
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erage than the other two window sizes, we focus on the results near the front

of Yahtse Glacier to determine whether a reference window size of 30 by 60 or

40 by 80 better captures motions in this higher-velocity area. Figure 2.3 shows

velocities near the front of Yahtse Glacier (area indicated by the red box in fig-

ure 2.2) measured using a reference window of 30 by 60, with panels “a”, “b”

and “c” showing the unfiltered, filtered based on coherency, and filtered then

ramp-removed (based on off-ice motions) results, respectively. Figures 2.4 and

2.5 show the same for velocities measured using reference window sizes of 40

by 80 and 60 by 120, respectively.
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Figure 2.3: Unfiltered (panel “a”), filtered (panel “b”) and ramp-removed
(panel “c”) velocities over the front of Yahtse Glacier from the
2010/01/29-03/16 ALOS pair using a reference window size of 30
by 60 pixels. Filtering in this context refers to coherency filtering,
which removes pixels where the velocity differs by more than a set
amount from the velocities at adjacent pixels, as well as removing
“loners”, or isolated pixels. The ramp-removed results in panel “c”
are also filtered in addition to having a ramp removed. The green
line indicates part of the profile shown in figures 2.6, 2.7 and 2.8,
the green dot indicates the location of the red line shown in those
figures.
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Figure 2.4: Unfiltered (panel “a”), filtered (panel “b”) and ramp-removed
(panel “c”) velocities over the front of Yahtse Glacier from the
2010/01/29-03/16 ALOS pair using a reference window size of 40
by 80 pixels. Filtering in this context refers to coherency filtering,
which removes pixels where the velocity differs by more than a set
amount from the velocities at adjacent pixels, as well as removing
“loners”, or isolated pixels. The ramp-removed results in panel “c”
are also filtered in addition to having a ramp removed. The green
line indicates part of the profile shown in figures 2.6, 2.7 and 2.8,
the green dot indicates the location of the red line shown in those
figures.

Comparing the unfiltered results (panel “a”) in each of the figures showing

velocities at the front of Yahtse Glacier for different reference window sizes, it

can be difficult to tell exactly where the “good” results end and “bad” results

end. While it is clear that the 30 by 60 and 40 by 80 velocities are higher than

the 60 by 120 near the front of the “good” results, the exact difference in velocity

is difficult to assess based only the difference in color. We therefore produce

profiles to better compare the magnitude of the motions produced by the differ-

ent reference windows. These longitudinal profiles, indicated by the dark green

lines in figures 2.3, 2.4 and 2.5, are shown in figures 2.6, 2.7 and 2.8.
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Figure 2.5: Unfiltered (panel “a”), filtered (panel “b”) and ramp-removed
(panel “c”) velocities over the front of Yahtse Glacier from the
2010/01/29-03/16 ALOS pair using a reference window size of 60
by 120 pixels. Filtering in this context refers to coherency filtering,
which removes pixels where the velocity differs by more than a set
amount from the velocities at adjacent pixels, as well as removing
“loners”, or isolated pixels. The ramp-removed results in panel “c”
are also filtered in addition to having a ramp removed. The green
line indicates part of the profile shown in figures 2.6, 2.7 and 2.8,
the green dot indicates the location of the red line shown in those
figures.

Figure 2.6 gives the unfiltered speeds (panel “a”), East-West velocities (panel

“b”) and North-South velocities (panel “c”) along the longitudinal profile. Ex-

amining the unfiltered speeds and velocities, it is clear that the “good” results

end somewhere between 5 to 6 km from the front, but it is unclear whether the

pixels immediately adjacent to that distance are real or not. It is also apparent

from comparing the speeds and velocities using the different reference window

sizes that 60 by 120, while it measures more velocities along the profile, appears

to be slower than both the 30 by 60 and 40 by 80 results. The difference ranges

from 0.3 to 0.5 m day-1 along the profile, but speeds corresponding to the two
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smaller reference window sizes are higher throughout the profile.

We filter the E-W and N-S velocities corresponding to each of the reference

window sizes, removing incoherent velocities. Panel “b” in figures 2.3, 2.4 and

2.5 shows the filtered speeds for reference windows of 30 by 60, 40 by 80 and

60 by 120, respectively. The filtered profiles are shown in figure 2.7, with the

red line in all three profile figures indicating the filtered velocity closest to the

front of the profile (shown as a green dot along the profile line in figures 2.3, 2.4

and 2.5). The speeds and velocities that remain after filtering correspond to the

initial impression of the extent of the “real” velocities from the unfiltered results,

but we must be careful that we have not excluded speeds that could be real.

Higher velocities at the front that are among the real velocities most susceptible

to being filtered out by our coherency filter, which excludes pixels that differ

by more than a given threshold from adjacent pixels. The areas near the front

of fast-moving glaciers such as Yahtse tend to have high velocity gradients (i.e.

where velocities change rapidly over a small area).

In order to determine whether or not this has occurred, we look at the direc-

tion of the motions that are removed by the filtering. We expect the directions of

“real” velocity vectors to be consistent spatially (i.e. coherent) and to conform

to the general geometry and crevassing of the glacier. In this case, the geometry

and crevasses indicate a flow that is transitioning from SE to primarily South, so

we would expect velocity vectors not only to be coherent but also to follow that

pattern. Comparing the unfiltered (panel “a”) and filtered (panel “b”) directions

in figures 2.3, 2.4 and 2.5 shows that the filtering did not remove coherent veloc-

ities pointing in the direction indicated by the glacier geometry, crevassing, or

velocities further upglacier. Based on this, we conclude that filtering for all three
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Figure 2.6: Unfiltered speeds (panel “a”), East-West velocities (panel “b”)
and North-South velocities (panel “c”) from the 2010/01/29-
2010/03/16 ALOS pair along a longitudinal profile of Yahtse
Glacier. The location of the red line is indicated by the green dot
in figures 2.3, 2.4 and 2.5.
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a: Filtered Speeds
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Figure 2.7: Filtered speeds (panel “a”), East-West velocities (panel “b”)
and North-South velocities (panel “c”) from the 2010/01/29-
2010/03/16 ALOS pair along a longitudinal profile of Yahtse
Glacier. The location of the red line is indicated by the green dot
in figures 2.3, 2.4 and 2.5.
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a: Filtered, Ramp Removed Speeds

2010/01/29 to 2010/03/16 30x60
2010/01/29 to 2010/03/16 40x80
2010/01/29 to 2010/03/16 60x120

0

1

2

3

4

5

6

7

8

S
p

e
e
d

 (
m

/d
a
y
)

b: E−W Velocities

0

1

2

3

4

5

6

7

8

S
p

e
e
d

 (
m

/d
a
y
)

c: N−S Velocities

−6

−5

−4

−3

−2

−1

0

S
p

e
e
d

 (
m

/d
a
y
)

0 10 20

Distance (km)

Figure 2.8: Filtered, ramp-removed speeds (panel “a”), East-West veloci-
ties (panel “b”) and North-South velocities (panel “c”) from the
2010/01/29-2010/03/16 ALOS pair along a longitudinal profile of
Yahtse Glacier. The location of the red line is indicated by the green
dot in figures 2.3, 2.4 and 2.5.
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reference window sizes did not remove a significant number of real velocities in

this area.

Comparing the E-W and N-S velocities (panels “b” and “c”) between the

filtered and unfiltered profiles (figure 2.7) helps confirm this. Looking only at

the unfiltered E-W velocities, results for all three reference window sizes appear

to have E-W velocities past the red line that follow the trend visible upglacier

from the red line of faster eastward motion. The unfiltered N-S velocities for

both the 30 by 60 and 40 by 80 reference windows immediately to the left of the

red line generally have a slower southward motion. Neither of these “trends”

is consistent with what we expect based on the glacier geometry or crevassing,

which indicates lower eastward motion and greater southward motion.

After filtering, of course, the 30 by 60 and 40 by 80 speeds remain higher

than the 60 by 120 speeds, which a quick glance at panel “b” in figures 2.3, 2.4

and 2.5 confirms. Although we can now state with confidence that the 60 by

120 did not entirely miss areas of higher velocity covered by the 30 by 60 and

40 by 80 results, perhaps the larger reference window incorporated too much

slower-motion area, lowering the speed it measured at the fastest pixels. Does

this mean that despite the greater coverage provided by a reference window of

60 by 120, we should use the 30 by 60 or 40 by 80 results for this area instead?

Panel “a” of figures 2.9, 2.10 and 2.11 reveal another factor that often ap-

pears in our ALOS results, a ramp. Generally, the smaller the reference window

size, the more severe the ramp in the ALOS velocities. The ramp-removal script

almost completely removes this erroneous influence, as shown in panel “b” of

figures 2.9, 2.10 and 2.11. The ramp-removed results are shown along the profile

by figure 2.8 and in map view by panel “c” of figures 2.3, 2.4 and 2.5. Almost
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Figure 2.9: Non-ramp-removed (panel “a”) and ramp-removed (panel “b”)
speeds from the 2010/01/29-03/16 ALOS pair using a reference
window size of 30 by 60 pixels.
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Figure 2.10: Non-ramp-removed (panel “a”) and ramp-removed (panel “b”)
speeds from the 2010/01/29-03/16 ALOS pair using a reference
window size of 40 by 80 pixels.
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Figure 2.11: Non-ramp-removed (panel “a”) and ramp-removed (panel “b”)
speeds from the 2010/01/29-03/16 ALOS pair using a reference
window size of 60 by 120 pixels.
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all of the speed difference between the reference window sizes disappears. The

apparent disadvantage of the 60 by 120 reference window size, that it measured

speeds slower than the real speeds, is now significantly reduced. The 30 by 60

and 40 by 80 speeds remain slightly higher at the front (∼0.1 m day-1), which

may be a real difference or could be due to a residual ramp or higher velocity

uncertainty associated with the smaller reference windows.

Landsat 8

Figure 2.12 shows results from a 2014/05/25 to 2014/06/26 (32-day) Landsat 8

image pair over the Stikine Icefield using two different reference widows.
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Figure 2.12: Pixel-tracking results over the Stikine Icefield for a 2014/05/25-
06/26 Landsat 8 image pair using different reference window sizes
and a search window of 32 by 32 pixels. Panel “a” shows results
for a reference window of 32 by 32 pixels, panel “b” shows results
for a reference window of 8 by 8.
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Panel “a” shows results using a reference window of 32 by 32 pixels, panel

“b” shows results using a reference window of 8 by 8 pixels. The 8 by 8 results

cover about 70% of the glaciated area captured by the 32 by 32 results. A refer-

ence window size of 32 by 32 pixels performs better both at the front of glaciers

such as LeConte (figure 2.13) and over areas at higher elevations.

WorldView/High-Resolution Optical Imagery

Figure 2.14 shows results from two different runs of a 2012/06/06 to

2012/06/20 (14-day) WorldView pair of INO, one using a reference window

of 150 by 150 pixels, the other using a reference window of 50 by 50 pixels. The

resolution of the WorldView images is 1 m per pixel.

A reference window of 50 by 50 only obtains results over 8% of the glaciated

area covered by the results using a reference window of 150 by 150. Almost all

of the WorldView imagery we use is sampled to a resolution of 1 m by 1 m (as

is the case here), and crevasses over the faster-moving areas of INO can be 50

meters or more apart. In some areas a reference window of 50 by 50 is sufficient

to obtain good velocity results, but for others it does not incorporate enough

information given the distance that separates visible features. Performance also

suffers in slower-moving areas, where features are not large but can be quite

sparse, meaning a larger reference window is needed so that enough features

are included for correlation. We find a reference window of 100 by 100 to be

sufficient for INO and other glaciers at NovZ, as well as Marinelli Glacier at

CDI, but 50 by 50 could be an appropriate reference window for certain glaciers

in other regions.
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2.1.2 Search Window Size

Figure 2.15 shows results from a 2008/09/28-11/13 (46-day) ALOS pair over the

CDI for two different search window sizes, both using a reference window of 40

by 80 pixels. The larger search window is able to measure velocities of 4 to 5 m

day-1 near the front of Marinelli Glacier that the smaller search window cannot.

Other factors impose a limit on the degree of motion that can be captured with

even the largest search window, however. In this case, optical imagery is able to

capture velocities at the front of Marinelli Glacier (figures 3.9 and 3.10), simply

because the optical imagery at 15 m resolution (e.g., ASTER, Landsat) provides

a clearer image of crevasses than the ALOS imagery at full resolution.
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Figure 2.13: Pixel-tracking results at the front of LeConte Glacier for a
2014/05/25-06/26 Landsat 8 image pair. Panel “a” shows results
for a reference window of 32 by 32 pixels, panel “b” shows results
for a reference window of 8 by 8.
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Figure 2.14: Pixel-tracking results over INO for a 2012/06/06-06/20 World-
View image pair using different reference window sizes and a
search window of 170 by 170 pixels. Panel “a” shows results for
a reference window of 150 by 150 pixels, panel “b” shows results
for a reference window of 50 by 50. The results using a reference
window of 50 by 50 only cover about 8% of the glaciated area cap-
tured by the 150 by 150 results.
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Figure 2.15: Pixel-tracking results for an ALOS SAR image pair (2008/09/28-
11/13) for two difference search window sizes and a reference win-
dow of 40 by 80 pixels. Panel “a” shows results using a search
window of 16 by 16 pixels, panel “b” shows results using a search
window of 48 by 48 pixels. A search window of 16 by 16 is not
large enough to capture speeds greater than 2 to 3 m day-1 towards
the front of Marinelli Glacier.
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2.1.3 Time Separation

Changing the reference and search window sizes cannot always produce a map

of velocities over an entire glacier, as other attributes play a significant role in

determining the possible results from a give image pair. One of the most im-

portant of these is the time interval between the two images, which affects the

resulting motions in a number of ways, depending on factors such as how fast

the glaciers covered by the pair are moving.

Figure 2.16 gives an example of how a shorter time separation is able to

capture faster motions at the front of LeConte Glacier, a tidewater-terminating

glacier at the Stikine icefield. A 32-day separation is too long to capture ve-

locities at the front, which are around 17-20 m day-1. A 16-day separation just

begins to capture the front velocities, and a 7-day separation yields almost com-

plete coverage over the front.
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Figure 2.16: The affect of time-separation between the images in a pair on ve-
locity results at the front of LeConte Glacier. Panel “a” shows ve-
locities from a 2014/05/25-06/26 (32-day) Landsat 8 pair, panel
“b” velocities from a 2014/05/09-05/25 (16-day) Landsat 8 pair,
and panel “c” velocities from a 2003/04/26-05/03 (7-day) Land-
sat 7 pair. The 32-day pair is unable to capture the front, the 16-
day pair yields some velocities, and the 7-day pair provides almost
complete coverage.

2.1.4 Shadows in Optical Imagery

Figure 2.17 shows the different impact of shadows on pixel-tracking results from

optical image pairs. Panel “a” demonstrates that shadows can prevent success-

ful cross-correlation, with clear gaps in the results over the shadowed side of the

topography around the trunk of South Sawyer Glacier on the Stikine icefield.

Shadows do not always preclude successful pixel-tracking, however. The cloud

casting a shadow over LeConte Glacier in Panel “b” does not prevent normal-

ized cross-correlation from obtaining good offsets there. So long as the shadow

does not obscure the underlying features so much that cross-correlation cannot

find a good match, pixel-tracking can be successful. This will depend partly on

the amount of illumination, which is usually higher when the shadow is cast by

a thin cloud (figure 2.17, panel “b”) rather than topography (figure 2.17, panel

“a”) or heavy cloud cover. It will also depend on the underlying features. The

clearer the features are (e.g., crevasses), the more successful pixel-tracking will
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tend to be regardless of illumination because normalization can enhance con-

trast.
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2.1.5 Post-Filtering Using the Covariance Matrix from “amp-

cor”

The covariance matrix values calculated and reported by ampcor for each pixel-

tracking measurement provide an additional post-filtering option. The accu-

racy of the match in the “X” and “Y” directions is approximately
√

CovXX and
√

CovYY , respectively. Excluding offsets based on a threshold using these values

can remove bad matches.

We compare the performance of this filter to our “coherency” filter for a

2006/04/01-04/26 ASTER image pair over Yahtse Glacier (located in the Saint

Elias Mountains, see figure 1.4). Figure 2.18 shows the unfiltered results for

this pair, figure 2.19 shows the results after our coherency filter is applied, and

figure 2.20 shows the results after filtering based on the covariance matrix val-

ues (with manually determined thresholds of 5 for
√

CovXX and
√

CovYY). The

coherency filter retains more good matches while excluding most of the noise

from the original results. The covariance filter does exclude more “coherent”

noise than the coherency filter (as expected), but more “incoherent” noise is

passed through. Although the covariance filter excludes more coherent noise,

this is more than offset by the good matches that are excluded, especially given

that the coherent noise occurs largely over water or too far upglacier to have a

large impact on our assessment of velocities this glacier.
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2.2 Discussion

2.2.1 Reference Window Size

The reference window size should be set large enough to incorporate enough

features suitable for tracking so that good correlation is achieved, as the ex-

ample of a WorldView image pair over INO glacier at the end of section 2.1.1

shows. As a rule, the larger the reference window, the greater the coverage will

be (e.g., figures 2.1 and 2.2). The limiting case is a reference window that covers

the entire area of overlap between the two images, which in most cases would

produce an offset close to zero for every point in that area.

Besides setting the reference window to a size comparable to that of the im-

agery itself, there are three problems that occur when the reference window is

too large. Processing time is longer, although with adequate computing power

this is usually not a major bottleneck when conducting a study. A more difficult

problem is that a larger reference window will incorporate more off-ice areas,

resulting in glacier offsets close to bedrock being measured as lower than the

actual glacier motion. A similar problem, mentioned when we compared the

performance of different reference window sizes for Taku and Yahtse glaciers,

is that the larger the reference window, the less independent the offsets are,

and the more “blurred” they become. For example, a relatively large reference

window may underestimate smaller, high-speed areas because it is correlating

too much surrounding lower-speed ice. This problem becomes more acute at

glaciers where speed rises rapidly towards a maximum at the front, and a large

reference window cannot isolate the relatively small area of fast-moving ice at

the terminus.
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In short, there is both a lower- and upper-bound to the reference window

size that must take all of the considerations above into account. Often, some

trial-and-error is required to determine the most suitable reference window size

for a particular area.

2.2.2 Search Window Size

The search window parameter is the simplest to determine an appropriate value

for. It should be set large enough to incorporate the maximum motion, making

it any larger increases processing time without providing additional offset mea-

surements. It also needs to be large enough to provide adequate information for

oversampling, which in the case of “ampcor” is 8 by 8 pixels.

2.2.3 Time Separation

The best time interval between images in a pair depends on the resolution of the

input imagery, the speed of the ice to be measured, the geometry of the glacier,

and how surface conditions change (e.g., Heid and Kääb, 2012). “Decorrelation”

occurs when the shape and pattern of the features being tracked (e.g., crevasses)

change to the point where they can no longer be correlated. The shorter the time

interval, the less features change, and the time interval of any pair must be short

enough to avoid decorrelation over the area of interest.

The faster the ice is moving, the shorter the time interval should be, as seen

in figures 2.16 and 2.15. This is largely because the shape and pattern of the fea-

tures being tracked (e.g., the crevasses) tends to change more quickly in faster-
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moving areas, reducing the time interval over which these features remain cor-

related. In other words, decorrelation occurs over a shorter time for these areas.

One obvious example of decorrelation is calving. This is an important con-

sideration when trying to capture front speeds at tidewater-terminating glaciers

that have high front velocities and calving rates. The longer the time separation

between the two images, the more of the front will have calved off, and iceberg

calving usually disrupts the crevasse pattern enough to prevent correlation.

The geometry of a glacier can also have a significant impact on the timescale

over which decorrelation occurs. A good example of this is the almost 90◦ bend

less than 1 km upglacier from the fast-moving front of LeConte Glacier (figure

2.16). This geometry causes decorrelation not only by distorting crevasses, but

also by rotating them. The reference window is not rotated during normalized

cross-correlation performed by “ampcor”, so even if the internal crevasse pat-

tern of an area is maintained decorrelation can still occur. Figure 2.16 shows

that for the 15 m per pixel Landsat input imagery, decorellation prevents front

speeds at LeConte Glacier from being measured after a period of around 16 days

or so.

One problem with using an image pair with a short time separation, how-

ever, is that it reduces the signal-to-noise ratio, as less glacier offset accumulates

relative to apparent bedrock “motion”. This can be mitigated somewhat by im-

proving the coregistration and orthorectification of the input imagery, as well

as by applying the motion-elevation post-processing technique. For slower mo-

tions, though, it is often necessary to choose a large enough time interval so

that the “signal” of glacier motion overcomes the noise due to misregistration

and other sources of error. Slower-moving areas tend to change less than faster-
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moving areas for a given period of time, so decorrelation is not as much of a

problem when considering image pairs with a longer time separation.

Surface conditions also constrain the most suitable time interval for a par-

ticular area. Generally, shorter time intervals usually have more similar surface

conditions, although this becomes progressively less true as the time separation

grows to the point where it spans more than one season. Also, most imagery is

acquired at around the same time of day for a given area because of the satellite

orbits, so the sun elevation angle for two scenes separated by a week or two

will be closer than for two scenes separated by several months, which also aids

correlation.

Pairs that fall entirely within summer usually produce the best surface con-

ditions for optical imagery, as the higher temperatures and relative lack of snow-

fall lead to the greatest exposure of features such as crevasses that are suitable

for tracking. Another advantage of summer imagery is the higher sun elevation

angle, which results in less shadow-covered area, although this is not as im-

portant a consideration for pixel-tracking at larger glaciers (e.g., in the St. Elias

Mountains). However, depending on prevailing weather patterns, clouds might

also be more prevalent during summer, leading to fewer results.

When measuring slower velocities using image pairs separated by more than

a few months, it is often best to use imagery from the same season, not only to

get as close to an average annual velocity as possible, but also so that surface

conditions are as similar as possible. Overall, when considering surface condi-

tions in any image pair from any season, the most important factor is whether

crevasses and other surface features suitable for tracking are exposed in both

images.

75



2.2.4 Shadows in Optical Imagery

As mentioned above, the higher the sun elevation angle, the less topography-

related shadow, which means that winter scenes are often problematic when

using optical imagery. SAR pixel-tracking, when available, can be used to avoid

shadows and obtain winter velocities.

2.2.5 Coherency versus Covariance Post-Filtering

Every combination of thresholds we chose for the covariance filter (including

different thresholds for
√

CovXX and
√

CovYY) for the pair shown in 2.18 passes

through as much or more incoherent noise than a coherency filter while exclud-

ing as many or more good offsets. In other words, if we choose thresholds for
√

CovXX and
√

CovYY that do as good a job of excluding most noise as the co-

herency filter (e.g., figures 2.20 and 2.19), more good offsets are excluded. If we

choose thresholds for
√

CovXX and
√

CovYY that passes approximately as many

good offsets as the coherency filter, far fewer bad offsets are excluded. However,

covariance-based post-filtering could improve results when used in conjunction

with a coherency filter to exclude problematic coherent noise.

2.3 Conclusions

Pixel-tracking parameters play a critical role in the coverage and quality of

glacier velocity results produced (Heid and Kääb, 2012, e.g.,). Trial-and-error

is usually required to determine the most suitable values for reference win-
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dow size, search window size, and time-separation between images for a given

glacier over a given period. Glaciers can also change speed from season-to-

season and year-to-year, and it is important to keep this in mind when deter-

mining what values to use.

However, a few general rules do apply. The search window should be large

enough to capture maximum motion. The reference window must be large

enough to include enough features to ensure successful cross-correlation, but

not so large that areas of high and low speed cannot be distinguished. The pre-

cise size will depend on the objective (e.g., maximizing coverage versus mea-

suring the fastest velocities Heid and Kääb, 2012), and results using multiple

values can be combined (e.g., Heid and Kääb, 2012).

Various time separations should be tried, especially because it is useful to

know both the short- and long-term average speed of a glacier, but there is al-

ways an upper and lower limit on the time separation that can produce success-

ful offsets for a given glacier and speed. If the time separation is too low, the

total motion will not be great enough relative to the uncertainty, making it diffi-

cult to measure glacier velocities. If the time separation is too great, features will

change too much to be tracked, or in the case of calving glaciers may disappear

from the imagery entirely. A shorter time separation is better for faster-moving

glaciers (e.g., a week to a couple of months for speeds of 5 m day-1 or more),

and a longer time separation is better for slower-moving glaciers (e.g., months

to a year for speeds of 2 m day-1 or less). The time of year affects considerations

of the most suitable time separation. For example, a two month pair may pro-

duce excellent results, but velocities produced using another two month pair

over the same glacier in a different season may be adversely affected by snow-
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fall (e.g., Heid and Kääb, 2012) or a lower sun elevation angle (which creates

more shadows).

After velocities are produced, noise must be removed from the results. We

find that the coherency filter performs this task better than a filter based on

covariance matrix values calculated by “ampcor”. The covariance filter either

filtered out too many good offsets when using thresholds that excluded as many

bad offsets as the coherency filter, or included more noise when using thresholds

that included as many good offsets as the coherency filter. The covariance filter

is better at removing coherent noise, though, and if this is a serious problem

the covariance filter could be used in conjunction with the coherency filter to

remove it.
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Figure 2.17: Pixel-tracking on optical imagery in the presence of shadow. Panel
“a” shows that shadow cast by topography prevents success-
ful pixel-tracking in some areas near the trunk of South Sawyer
Glacier on the Stikine Icefield (2014/03/06-03/22 Landsat 8 image
pair). The purple line indicates the location of one shadow, there
are several others (the dark areas not covered by pixel-tracking
results). However, shadow cast by the thin cloud over LeConte
Glacier on the Stikine icefield in panel “b” (indicated by the pur-
ple line) does not prevent successful pixel-tracking (2003/04/01-
05/03 Landsat 7 image pair), as normalized cross-correlation is
still able to track the crevasses there.
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Figure 2.18: Unfiltered speeds over Yahtse Glacier from a 2006/04/01-04/26
ASTER pair. The background is a 2003/05/20 Landsat 7 image.
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Figure 2.19: Coherency-filtered speeds over Yahtse Glacier from a 2006/04/01-
04/26 ASTER pair. The background is a 2003/05/20 Landsat 7 im-
age. The maximum velocity cutoff is 30 m day-1, the threshold for
“similar” pixels is 6 m day-1, and the number of similar adjacent
pixels required is 3. Incoherent noise is successfully removed.
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Figure 2.20: Covariance-filtered speeds over Yahtse Glacier from a 2006/04/01-
04/26 ASTER pair. The background is a 2003/05/20 Landsat 7
image. Offsets with

√
CovXX or

√
CovYY below 5 are excluded.

Coherent noise missed by the coherency filter is removed (e.g., up-
glacier on Yahtse, over water), but many good offsets are also ex-
cluded, and some incoherent noise remains.
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We produce the first icefield-wide volume change rate and glacier velocity

estimates for the Cordillera Darwin Icefield (CDI), a 2,605 km2 temperate ice-

field in Southern Chile (69.6◦W, 54.6◦S). Velocities are measured from optical and

radar imagery between 2001-2011. Thirty-six digital elevation models (DEMs)

from ASTER and the SRTM DEM are stacked and a weighted linear regression is

applied to elevations on a pixel-by-pixel basis to estimate volume change rates.

The CDI lost mass at an average rate of -3.9±1.5 Gt yr-1 between 2000 and

2011, equivalent to a sea level rise (SLR) of 0.01±0.004 mm yr-1 and an area-

averaged thinning rate of -1.5±0.6 m w.e. yr-1.



Thinning is widespread, with concentrations near the front of two northern

glaciers (Marinelli, Darwin) and one western (CDI-08) glacier. Thickening is

apparent in the south, most notably over the advancing Garibaldi Glacier. The

northern/eastern part of the CDI has an average thinning rate of -1.9±0.7 m w.e.

yr-1, while the southern/western part has an average thinning rate of -1.0±0.4

m w.e. yr-1.

Velocities are obtained over many of the CDI glaciers for the first time. We

provide a repeat speed timeseries at the Marinelli Glacier. There we measure

maximum front speeds of 7.5±0.2 m day-1 in 2001, 9.5±0.6 m day-1 in 2003 and

10±0.3 m day-1 in 2011. The maintenance of high front speeds from 2001 to 2011

supports the hypothesis that Marinelli is in the retreat phase of the tidewater-

cycle, with dynamic thinning governed by the fjord bathymetry.



3.1 Introduction

We focus on the Cordillera Darwin Icefield (CDI), the third largest temperate

icefield in the southern hemisphere (Bown et al., in press), which along with the

Northern Patagonian Icefield (NPI) and Southern Patagonian Icefield (SPI), has

experienced a rapid reduction in ice-covered area (Rivera et al., 2007; Masiokas

et al., 2009; Lopez et al., 2010; Davies and Glasser, 2012; Willis et al., 2012b).

The CDI is located in the southernmost Andes (figure 3.1) in Tierra del Fuego.

It is coalesced around two main mountain peaks, Mount Darwin (2469 m a.s.l.,

Koppes et al., 2009) and the nearby Mount Sarmiento (2300 m a.s.l., Strelin et al.,

2008). The icefield covers 2,605 km2, measured from ice outlines derived from

satellite imagery acquired from 2001 to 2004. It extends roughly 200 km west-

to-east from 71.8◦W to 68.5◦W and roughly 50 km south-to-north from 54.9◦S to

54.2◦S, bounded to the north by the Almirantazgo Ford and the Beagle Chan-

nel in the south. Precipitation during the winter comes predominantly from

the south/southwest (Holmlund and Fuenzalida, 1995), and the E-W orienta-

tion of the CDI leads to an orographic effect with greater snowfall on south-

ern and western glaciers and drier, warmer conditions on northern and eastern

glaciers (Holmlund and Fuenzalida, 1995; Strelin and Iturraspe, 2007; Koppes

et al., 2009; Lopez et al., 2010). Previous length-change measurements of CDI

glaciers show retreat at northern and eastern glaciers and stable/advancing

fronts at southern and western glaciers (Holmlund and Fuenzalida, 1995). The

“southern” part or side of the CDI refers to southern and western glaciers, and

the “northern” part or side of the CDI refers to northern and eastern glaciers.

The purple line in figure 3.1 shows the divide between the northern (1322 km2)

and southern (1283 km2) sides.
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Figure 3.1: Map of dh
dt for the CDI (area indicated by red box in inset). Three

glaciers, Marinelli, Darwin, and CDI-08, stand out with extensive
thinning towards their fronts. The purple line indicates the divide
between the “northern” and “southern” regions of the CDI.

There are few studies on the CDI compared to other temperate icefields (Ma-

siokas et al., 2009; Lopez et al., 2010), such as the Alaskan icefields, the NPI and

the SPI (e.g., Arendt et al., 2002; Rignot et al., 2003; Berthier et al., 2010; Glasser

et al., 2011; Ivins et al., 2011; Willis et al., 2012a). Climate and mass balance stud-

ies are scarce for southern hemisphere ice bodies outside of Antarctica (Holm-

lund and Fuenzalida, 1995; Lopez et al., 2010), due to the difficult access and

weather.

Studies of observational and reanalysis data indicate the loss of ice at the

CDI can be attributed to climatic changes that include 20th century regional de-

creases in precipitation (Quintana, 2004) coupled with atmospheric warming

(Holmlund and Fuenzalida, 1995; Lopez et al., 2010) and dynamic instability

at the largest glacier on the icefield, Marinelli (e.g., Holmlund and Fuenzalida,

1995). On a local scale, changes in wind patterns have increased precipitation

on the southern side of the CDI (Holmlund and Fuenzalida, 1995; Strelin and
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Iturraspe, 2007), while decreasing precipitation on the northern side (Holmlund

and Fuenzalida, 1995; Koppes et al., 2009).

Temperate icefields are disproportionately large contributors to SLR (e.g.,

Arendt et al., 2002; Rignot et al., 2003); Rignot et al. (2003) claim this is par-

ticularly true of the Patagonian glaciers, which they say account for 9% of the

non-polar contribution to SLR. The CDI, along with the NPI and SPI, provides

an opportunity to examine the response of different glaciers (e.g., calving vs.

non-calving) in different climates (maritime on the southern side versus more

continental on the northern side) to regional changes in climate (Holmlund and

Fuenzalida, 1995), and unlike the NPI and SPI the contribution of the CDI to

SLR has not yet been estimated (Lopez et al., 2010).

The CDI is the closest icefield to the Antarctic Peninsula, a region that has

also experienced significant warming. Mass loss at the CDI might be contam-

inating GRACE measurements of the Antarctic Peninsula, NPI and SPI (Ivins

et al., 2011), so our constraints on the mass loss rate occurring at the CDI

will help isolate this signal. Thinning and acceleration have been observed on

glaciers in the Antarctic Peninsula and the NPI (Pritchard and Vaughan, 2007;

Willis et al., 2012a), we assess whether this is the case for any glaciers on the

CDI.

In this study we calculate both the elevation change rates ( dh
dt ) over the entire

CDI and measure glacier velocities using pixel-tracking applied to pairs of op-

tical and radar images. With dh
dt and an assumed density of material lost/gained

we can estimate the mass change rate, allowing us to quantify its SLR contri-

bution and compare it with other icefields. We also use the surface elevation

change rates to identify which glaciers are providing the largest contribution to
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SLR and should be the focus of further study. Additionally, measuring glacier

velocities allows an estimate of mass flux out of the glacier if the thickness is

known. Increased speed and mass flux through the front of the glacier can

cause ”dynamic thinning” if it is not balanced by increased mass input. Our

results will provide a baseline measurement over many glaciers and areas of

the icefield for which ice velocities have not been measured.

The date convention used throughout this chapter is DD/MM/YYYY.

3.2 Methods

3.2.1 Data Preparation

The Advanced Spaceborne Thermal Emission and Reflection Radiometer

(ASTER) has a stereo-imaging capability, enabling DEMs to be generated on-

demand by NASA’s Land Processes Distributed Active Archive Center (LP

DAAC) (Fujisada et al., 2005). In this study, ASTER DEMs (product 14) are

used to calculate dh
dt , while band 3N images (product 1B) are used for pixel-

tracking. Clouds are not masked during data preparation, rather, they are

largely removed by excluding elevations based on deviation from the SRTM

DEM (section 3.2.2). NASA’s Automatic Registration and Orthorectification

Package (AROP; Gao et al., 2009) is used to co-register ASTER images and DEMs

to a Landsat GLS image (available from the Global Land Cover Facility) and

orthorectify the ASTER L1B images using the Shuttle Radar Topography Mis-

sion (SRTM) DEM (acquired in 2000). Landsat GLS images are orthorectified

to the SRTM DEM (Tucker et al., 2004), therefore co-registering the ASTER im-
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agery to the Landsat GLS image effectively co-registers them to the SRTM DEM

(see Willis et al., 2012a for details). The SRTM DEM is our default DEM for

orthorectifying the ASTER imagery, it is not as adversely affected by clouds,

snow and other features that cause errors in optically-derived (e.g., ASTER)

DEMs (Scherler et al., 2008). All ASTER images used for pixel-tracking are or-

thorectified to the SRTM DEM, except for the 07/09/2001 to 25/09/2001 and

06/09/2003 to 13/09/2003 pairs covering the front of Marinelli Glacier, where

pronounced thinning necessitates the use of the corresponding ASTER DEMs.

These pairs are orthorectified to the 25/09/2001 and 13/09/2003 ASTER DEMs,

respectively.

3.2.2 Elevation Change Rates

Horizontally co-registered ASTER DEMs are subsequently vertically co-

registered and a weighted linear regression is applied to calculate dh
dt for each

pixel. 36 ASTER DEMs (derived from imagery acquired from 2001 to 2011)

and the SRTM DEM (acquired in February 2000) are processed, with an aver-

age of 4-5 elevations per pixel incorporated into the regression (figure 3.2 shows

elevations and regression lines for several points on Marinelli Glacier). Each

elevation is weighted by the inverse of the standard deviation of the bedrock

elevation differences between its ASTER DEM and the SRTM DEM. This is a

common measure of the uncertainty associated with ASTER DEM elevations

(Fujisada et al., 2005; Howat et al., 2008b). Horizontal misalignment will ap-

pear as off-ice (“bedrock”) elevation differences when comparing ASTER DEMs

to the SRTM DEM, and is therefore included in the standard deviation of the

bedrock elevation differences (i.e. the greater the misalignment, the greater the
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standard deviation, which is the measure of uncertainty that we use for each

ASTER DEM). We typically find values from 8 m to 20 m as our uncertainty for

ASTER DEMs, similar to other studies (Kääb, 2002; Fujisada et al., 2005; San and

Süzen, 2005; Rivera et al., 2007; Howat et al., 2008b; Berthier et al., 2010).

In the ablation zone we exclude elevations from the regression that deviate

more than +5/-30 m yr-1 from the first elevation, in the accumulation zone the

cutoff is +5/-10 m yr-1. These cutoffs largely remove the areas of erroneously

high elevations due to clouds, as well as outliers caused by shadow, snow and

other sources which either obscure the ice or are largely featureless at ASTER

resolution. It is important to note that although these cutoffs are based on ex-

pected dh
dt , they are imposed on each individual map point (see figure 3.2) before

applying the weighted linear regression, rather than to already-calculated dh
dt ,

which would yield drastically different results. The first elevation in our time-

series is SRTM for 94% of the pixels, for the remaining areas we use the first

available elevation from ASTER. The average end date is 17/05/2008. The high

percentage of points with SRTM elevations makes our cutoff strategy feasible.

The radar-derived SRTM DEM is not influenced by clouds like ASTER, making

SRTM elevations a reliable starting point.

We limit the maximum negative deviation to -30 m yr-1 in the ablation zone

to just capture the maximum thinning and exclude spurious elevations from the

regression calculations. Changing this to -60 m yr-1 has no affect on the zones

of maximum thinning. Less thinning is expected in the accumulation zone than

in the ablation zone so we allow a maximum negative deviation of only -10 m

yr-1 above the ELA. Permitting a greater negative deviation in the accumulation

zone only results in incoherent areas of extreme and unrealistic thinning.
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Figure 3.2: Elevation values and dh
dt for randomly selected pixels over Marinelli

Glacier. The left-most elevation in each graph is the SRTM eleva-
tion at that pixel. Blue lines indicate the dh

dt calculated for each pixel,
elevation points bolded red are excluded from dh

dt calculation. The
bottom right panel shows the dh

dt map, with numbered circles indi-
cating the location corresponding to each graph.
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In order to determine the ELA and distinguish where to impose our different

constraints, we examine late season (January and February) ASTER images. We

record the altitude of the transition between bare ice and snow and take this

as a rough proxy for the ELA (e.g., Bamber and Rivera, 2007). We are able to

measure the ELA for 11 larger glaciers, for the rest of the icefield, we assume a

regional ELA of 1090 m (Strelin and Iturraspe, 2007).

The volume change rate at each pixel is the dh
dt for the pixel multiplied by

the area of the pixel. Summing together the volume change rate of every pixel

yields a volume change rate (dV
dt ) for the entire icefield. dV

dt is multiplied by the

density of glacier ice, set to 900 kg m-3 (e.g., Cuffey and Paterson, 2010) to pro-

duce an estimate of the mass change rate. Future ground-based measurements

of densities on the CDI will be needed to find more accurate and precise values.

We have a sufficient number of ASTER DEMs to provide dh
dt rates for 96% of

the total area of the icefield. Each pixel in the remaining small gaps is filled with

the median dh
dt value within 1 km. This local method is more accurate than using

the average dh
dt of an elevation bin to fill gaps within that bin, or filling in gaps

with the mean of all dh
dt calculated (e.g., Rignot et al., 2003). For example, the

average low-elevation dh
dt and overall average dh

dt are both negative, these rates

would not be suitable for filling a gap near the front of Garibaldi Glacier, which

is known to be advancing and where we measure positive dh
dt at low elevations.

Penetration of C-band radar into ice and (particularly) snow (e.g., Rignot

et al., 2001) is a potential problem when using the SRTM DEM. We use a tech-

nique pioneered by Gardelle et al. (2012) and applied by Willis et al. (2012b)

to compensate for penetration effects. Willis et al. (2012b) compared X-band

SRTM elevations (which have negligible penetration) with C-band SRTM ele-
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vations and found approximately 2 m of C-band penetration over the SPI at all

elevations. Due to a lack of X-band SRTM coverage over the CDI we cannot pro-

vide a similar analysis here. Instead, we assume the penetration depth is similar

to that at SPI and add 2 m to each SRTM elevation over ice, which increases our

mass loss rate by about 13%. We note the CDI is colder than the SPI, which

could lead to drier conditions and greater penetration (Rignot et al., 2001), but

do not have adequate X-band data to quantify the difference.

An additional source of mass change that we consider is sub-aqueous mass

loss/gain (which does not contribute to sea level rise). We cannot directly mea-

sure sub-aqueous ice gains or losses, but make a rough estimate by measuring

changes in the areal extent at the front of several glaciers that have undergone

relatively large advance or retreat (from image pairs) and multiplying these area

changes by the approximate depth below water of the ice. We assume an aver-

age depth below water of 150 m for Marinelli Glacier (see Koppes et al., 2009,

figures 4a and 4b) and 60 m for the other glaciers, with an uncertainty of ±50 m

(the uncertainty on the change in area of each glacier is negligible). Dividing the

sub-aqueous volume change by the time interval separating the images used to

find area change gives a rate. This calculation shows that sub-aqueous mass

loss, while not well constrained in this study, is an order of magnitude lower

than the overall mass change rate calculated from dh
dt (< 5%).

Sources of Uncertainty

Below we consider sources of uncertainty on our mass change rate. These in-

clude the uncertainty on the elevations incorporated into the regression, uncer-

tainty on the ELA, the effect of varying the maximum deviation allowed from
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the first elevation, different density scenarios, and uncertainty on the penetra-

tion depth of the C-band SRTM DEM.

The uncertainty associated with the dh
dt for each pixel is calculated from the

model covariance matrix (e.g., Aster et al., 2005), which accounts for the uncer-

tainties on the elevations incorporated into the regression. The 95% confidence

interval for the volume change rate uncertainty is calculated using the formula:

1.96 × U
√

N
. U is the total “volume” of uncertainty, calculated by taking the un-

certainty at each pixel, multiplying it by the area of the pixel (to determine a

“volume” of uncertainty for that pixel), and then adding together “volume” of

uncertainty for each pixel where a dh
dt is calculated. N is the number of inde-

pendent pixels (e.g., Howat et al., 2008b), which we determine by dividing the

total area by the area over which off-ice dh
dt are correlated (e.g., Rolstad et al.,

2009). We estimate the scale at which the dh
dt are independent by finding the

area at which the variance of the off-ice dh
dt begins to “flatten” (see Rolstad et al.,

2009 and Willis et al., 2012a for details on the method), which we estimate to

be 1800 m by 1800 m (figure 3.3). This is analogous to the “corner” point on

an L-curve (e.g., Aster et al., 2005, pg. 91, figure 5.2) and indicates the length-

scale past which the dh
dt are no longer correlated. The total contribution from the

uncertainty on individual elevations is ∼0.35 Gt yr-1.

The regional ELA is poorly known. In order to investigate the impact of

changing the regional ELA on the mass loss rates we lower our regional ELA

from 1090 to 650 m, an ELA that has been found for several glaciers on the

southern and western regions of the CDI (Bown et al., in press). We also as-

sume an uncertainty of ±200 m on the 11 glaciers where we have estimated the

ELA from optical imagery. The difference between the two ELA scenarios is
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Figure 3.3: A plot of pixel size (listed as side length of square pixel) vs. vari-
ance of bedrock dh

dt (calculated using a -10/+10 m yr-1 cutoff), plot-
ted as red dots. A linear fit to log(x)/y shows the trend of the data
(blue line). The black circle indicates the point at which the curve is
“flattening”, i.e. the lengthscale past which the variance no longer
changes significantly, indicating that the dh

dt are no longer correlated.
1800 m is selected as a conservative estimate of the decorrelation
length for the dh

dt .

incorporated into our uncertainties (∼0.37 Gt yr-1).

The deviation allowed from the first elevation has a large impact on the mass

loss rate (e.g., Willis et al., 2012b). The rate produced by allowing +10 m yr-1 is

contaminated by low clouds but is given as a rough minimum estimate of the

mass loss rate. The un-symmetric cutoff (+5 m yr-1 versus -10/-30 m yr-1) may

bias our results towards thinning but we argue that an un-symmetric cutoff

is more physically justified than a symmetric cutoff. Rapid retreat has been
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independently observed at Marinelli Glacier (Holmlund and Fuenzalida, 1995;

Koppes et al., 2009), from which we know that a large amount of thinning must

be occurring. The maximum allowed negative deviation from the first elevation

of -30 m yr-1 just captures the maximum thinning at Marinelli Glacier (see figure

3.2, point 1).

The cutoff of +5 m yr-1 from the first elevation is based on the limited pre-

cipitation data available for this region. The upper limit on precipitation in

Patagonia is about 10 m yr-1 (e.g., Holmlund and Fuenzalida, 1995; Rignot et al.,

2003; Rasmussen et al., 2007; Koppes et al., 2011), and PRECIS model results

show maximum precipitation in the 4000 to 6000 mm yr-1 range for the CDI

(Fernandez et al., 2011). One year of accumulated precipitation undergoes den-

sification into firn and eventually ice and provides much less than +10 m yr-1

of elevation change through time, so +5 m yr-1 is chosen as a reasonable up-

per limit on the maximum thickening expected over the large areas covered in

this study. We note that a point measurement may yield a dh
dt higher than +5

m yr-1 but we would not expect a single point to be representative of sustained

thickening rates over square kilometers. Figure 3.2 highlights the importance of

applying this cutoff, cloud-influenced elevations would seriously degrade the

quality of our regressions for each pixel. Tests using a higher positive cutoff pro-

duced discontinuous and incoherent “splotches” of extreme positive dh
dt that are

unrealistic. The only exception is the lower ablation zone of Garibaldi Glacier,

where we allow a maximum positive deviation of +10 m yr-1 to accommodate

the known advance of Garibaldi (figure 3.4).

The sub-panels in figure 3.2 illustrate the problem of using a positive cutoff

of +30 m yr-1, which would lead to the inclusion of ASTER elevations that are
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Figure 3.4: Frontal variation history of Garibaldi Glacier from Landsat TM,
ASTER and aerial photographs. The background is a 15/01/2011
ASTER image.

obvious outliers. ASTER elevations in the accumulation zone are generally less

reliable due to greater cloud and snow cover (lack of contrast). Errors due to

clouds tend to be positive rather than negative; this is confirmed by comparing

the average off-ice dh
dt of increasing symmetric maximum allowed deviations.

Allowing ±5, ±10 and ±30 m yr-1 results in average dh
dt of -0.04 m yr-1, +0.10 m
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yr-1 and +0.82 m yr-1. Allowing a deviation of -30 m yr-1 is necessary to capture

maximum thinning, but 330 m of thickening (+30 m yr-1 from 2000 to 2011) is un-

reasonable in both the ablation and accumulation zone for this region (Koppes

et al., 2009; Lopez et al., 2010).

In-situ measurements of accumulation rate on the CDI are required to refine

our estimates further; the cutoffs we use are the best available based on the lit-

erature (e.g., Fernandez et al., 2011). To assess the uncertainty due to the choice

of maximum deviation allowed, we find the mode (most frequent occurrence,

i.e. peak) of the distribution of elevation differences between all ASTER DEMs

and the SRTM DEM (normalized by dividing by the time interval between each

ASTER DEM and the SRTM DEM). The mode is not affected by the choice of

allowed deviation, and so is an independent measure that we can compare our

regression-derived rates to.

We do not present the “mode rate” as representing the best estimate of the

average dh
dt . It is approximately what the rate would be if the distribution were

Gaussian around the peak dh
dt . This implicitly assumes that rates that are equidis-

tant from the mode rate are equally likely, e.g., if the mode rate is -1.5 m yr-1,

then rates of +18.5 m yr-1 are approximately as common as rates of -20.5 m yr-1.

We consider this unlikely given the coherent thinning of approximately -25 m

yr-1 estimated at the front of several glaciers, and the lack of evidence for a sim-

ilar degree of coherent thickening anywhere on the icefield. The mode rate is

therefore probably lower than the actual thinning rate, and the difference be-

tween the mode rate and our regression-derived dh
dt is an overestimate of the

maximum “bias” due to our choice of dh
dt .

We add the difference (±1.22 Gt yr-1) that results from using the same density
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and penetration assumptions as our regression rate to our uncertainties to fully

account for any possible bias.

We assume all volume change is at a density of 900 kg m-3, consistent with

previous studies (e.g., Rignot et al., 2003; Berthier et al., 2004, 2010). However,

the density of the lost material is likely variable. We consider two different den-

sity scenarios. Assuming that firn (600 kg m-3) is lost in the accumulation zone

and ice (900 kg m-3) is lost in the ablation zone (considered as a possible scenario

by Kääb et al., 2012) reduces the mass change rate by 0.3 Gt yr-1. Assuming an

ice density of 900±25 kg m-3 (e.g., Gardner et al., 2012) adds ±0.1 Gt yr-1 to our

uncertainty. The effect of density changes are small (∼10%) as most of the mass

loss occurs from ice in the ablation zone. We incorporate the 600/900 kg m3 sce-

nario into our uncertainties, as it adds a further ±0.3 Gt yr-1 and is thus a more

conservative estimate of uncertainty.

The penetration depth of the C-band SRTM into snow and ice is an addi-

tional source of uncertainty. Assuming a range of ±2 for the penetration depth

yields a variation of +0.47 Gt yr-1 for 0 m of penetration and -0.48 Gt yr-1 for 4

m. We add ±0.48 Gt yr-1 to our uncertainties to account for penetration depth

uncertainty.

Taking the square root of the sum of the squared uncertainties gives us an

overall uncertainty of ±1.5 Gt yr-1. Uncertainties beyond the statistical uncer-

tainty from the regression are added as an average rate to the uncertainties for

individual glacier basins in table 3.1.
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Table 3.1: Volume change rates and average dh
dt for the 16 largest outlet glaciers

on the CDI, with “northern”, “southern” and whole icefield totals
in the last three rows. Includes estimates of sub-aqueous volume
change for Marinelli, CDI-08, Garibaldi and Darwin.

Glacier Area dv
dt Average dh

dt
(km2) (km3/yr) (m w.e. yr-1)

Marinelli Glacier 132.93 -0.74±0.16 -5.0±1.1
CDI-08 Glacier 127.42 -0.43±0.13 -3.0±0.9
Roncagli Glacier 116.06 -0.18±0.15 -1.4±1.2
Stoppani Glacier 102.04 -0.2±0.12 -1.8±1.1
Garibaldi Glacier 63.86 0.02±0.13 0.2±1.8
CDI 157 Glacier 57.42 -0.11±0.08 -1.7±1.3
de la Vedova Glacier 56.83 -0.15±0.07 -2.4±1.1
Bahia Broken Glacier 53.22 -0.1±0.08 -1.8±1.3
CDI 150 Glacier 52.31 -0.02±0.07 -0.3±1.2
CDI 456 Glacier 51.22 -0.03±0.09 -0.5±1.5
Darwin Glacier 45.61 -0.18±0.07 -3.6±1.3
Cuevas Glacier 45.27 -0.06±0.08 -1.2±1.6
CDI 455 Glacier 37.73 0.02±0.08 0.4±2.0
Oblicuo Glacier 29.81 0.02±0.08 0.6±2.4
CDI 48 Glacier 28.58 -0.04±0.05 -1.3±1.5
CDI 142 Glacier 26.79 -0.05±0.07 -1.8±2.3

“Northern” side 1322 -3.0±1.0 -1.9±0.7
“Southern” side 1283 -1.3±0.6 -1.0±0.4
Entire CDI 2605 -4.3±1.7 -1.5±0.6

3.2.3 Velocities

In this section we describe how we use data from three different satellites with

different resolutions to measure sub-pixel offsets and convert them to glacier

velocities.

ASTER

Sub-pixel offsets between ASTER image pairs (pixel resolution of 15 m/pixel)

are measured via normalized amplitude cross-correlation, with a spatial resolu-

tion of 120 m (i.e., a step size between cross-correlations of 8 pixels, see Willis

et al., 2012a for details). This technique, known as “pixel-tracking”, has been

used to track velocities on many glaciers (e.g., Scambos et al., 1992).
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AROP is used to co-register the more recent scene in a pair of orthorecti-

fied ASTER images to the earlier scene to minimize misfits. The open source

ROI PAC’s “ampcor” routine (Rosen et al., 2004) is used to calculate E-W and

N-S offsets. The results are post-filtered by excluding offsets with a signal-

to-noise ratio (SNR, which is the peak cross-correlation value divided by the

average) below a manually-selected threshold (Willis et al., 2012a). A linear

elevation-dependent correction (determined from apparent “bedrock” veloci-

ties) is applied to the velocities to correct for the elevation-dependent bias due to

imprecise co-registration/orthorectification (Nuth and Kääb, 2011). Figure 3.5

shows a typical trend for an ASTER pair. We do not know the physical origin of

the bias, Ahn and Howat (2011) attribute the systematic elevation-dependent

displacement errors over the ice surface to co-registration errors. Applying

an elevation-dependent correction based on the displacement of off-ice areas

largely removes this (figure 3.6).

Uncertainty for each pair is estimated from motion on ice-adjacent

“bedrock” (see Willis et al., 2012a for details), which should be zero. Horizontal

misalignment leads to off-ice motions when calculating offsets, so error due to

misalignment is included in the uncertainty estimate.

QuickBird 2

A high-resolution (1 m/pixel) QB02 image pair from 2011 (30/07/2011-

16/08/2011) is run through largely the same processing applied to ASTER im-

age pairs to generate offsets at 30 m resolution. The images are orthorectified

to an 13/11/2007 ASTER DEM with Rational Polynomial Coefficients (RPC’s).

Orthorectifying to a more recent ASTER DEM rather than the SRTM DEM min-
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Figure 3.5: Scatter plot of E-W “bedrock” velocities for the 07/09/2001 to
25/09/2001 ASTER pair. The black line shows the linear trend fit-
ted to the blue points, this is removed from the overall E-W velocity
results. Red points are excluded when fitting the trend (they are
greater than ±σ from the median value). This cutoff makes a neg-
ligible difference in the trend for this pair, but for other pairs it can
change the trend significantly (e.g., > 1 m day-1 per 1000 m eleva-
tion).

imizes errors caused by pronounced thinning.

Advanced Land Observing Satellite (ALOS)

We use L-band SAR pixel-tracking (e.g., Rignot, 2008; Strozzi et al., 2008; Rignot

et al., 2011) from two 46-day, ascending ALOS pairs (28/09/2008-13/11/2008

and 04/01/2011-19/02/2011) to produce ice velocities for several CDI glaciers.

The ALOS SAR images have an initial pixel resolution of 3.3 m (azimuth) by

8.3 m (range). The offsets have an effective resolution of approximately 150 m
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Figure 3.6: Effect of elevation-dependent velocity correction for 07/09/2001 to
25/09/2001 ASTER image pair covering Marinelli Glacier. Glacier
outlines in black, bedrock in gray (correction is not applied to water
pixels). Panel “a” is a map of speeds with no correction applied,
panel “b” is a map of speeds with correction applied. Correction
reduces bedrock motion, the mean and standard deviation for the
entire pair drops from 0.6±0.4 m day-1 for the uncorrected speeds to
0.4±0.3 m day-1 for the corrected speeds.

(azimuth) by 200 m (range), based on the step size of 50 pixels (azimuth) by 25

pixels (range). The Synthetic Aperture RADAR (SAR) images cover a broader

area than the optical images and are not limited by cloud cover, providing ve-

locities at many glaciers with no ASTER observations. SAR pixel-tracking also

performs well in the snow-covered, high-altitude accumulation zone where op-

tical images lack trackable features. The ALOS pairs fail to capture the high

speeds near the fronts of several glaciers due to decorrelation caused by strain

and possibly melting.

Raw ALOS SAR data are processed using ROI PAC and offsets are pro-

duced by “ampcor”. The results are SNR-filtered and run through the elevation-

dependent correction routine. ALOS interferometry does not yield velocities
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due to the relatively large motions, long separation between scenes, and chang-

ing surface characteristics.

Orthorectification Errors from Thinning

Pronounced thinning can cause orthorectification errors in optical imagery that

do not appear in the off-ice velocities. The longer the timespan between the

acquisition date of imagery used to measure offsets and the DEM used to or-

thorectify the imagery, the greater the error. Our standard processing uses the

SRTM DEM, acquired in February 2000, to orthorectify the ASTER L1B images

used for pixel-tracking. Examining our dh
dt results (figure 3.1) reveals this to be a

potential problem over the three most rapidly thinning glaciers: Marinelli, CDI-

08 and Darwin. For Marinelli Glacier we mitigate this effect by orthorectifying

QuickBird 2 imagery from 2011 to a 2007 ASTER DEM rather than the SRTM

DEM. Furthermore, the difference in incidence angle between the two Quick-

Bird 2 images is less than 0.2 degrees. This means the base/height (B/H) ratio

(e.g., Fujisada et al., 2005) is low (0.003) and the pair is insensitive to DEM er-

rors or elevation change between the time of the DEM and the time of image

acquisition.

The two ASTER pairs for which we obtain front speeds at Marinelli are

from 2001 (07/09/2001-25/09/2001) and 2003 (06/09/2003-13/09/2003). We

co-register the earlier image in each of these pairs to the later image, and or-

thorectify using the DEM of the later image. Orthorectifying the ASTER im-

agery to the coincident ASTER DEM minimizes disparity due to DEM errors

(with error due to thinning almost entirely removed) and difference in incidence

angle between the ASTER images (e.g., Scherler et al., 2008, equation 1).
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Front speeds are captured for the Darwin Glacier from a 7-day ASTER image

pair in 2001 (25/09/2001 to 02/10/2001). For this pair we orthorectify to the

SRTM DEM as the time between SRTM acquisition and the ASTER pair is fairly

short. The direction of the velocity vectors are consistent with glacier flowlines

visible in the ASTER imagery providing confidence in the result. Velocities over

CDI-08 are from radar pixel-tracking, orthorectification errors are not a concern

because radar images are not orthorectified.

Marinelli Glacier - Flux

We calculate flux along transects perpendicular to glacier flow (as close as pos-

sible to the front) for velocities from 07/09/2001 to 25/09/2001, 06/09/2003 to

13/09/2003 and 30/07/2011 to 16/08/2011. The height of the glacier is deter-

mined from the 25/09/2001 ASTER DEM for the 2001 pair, 13/09/2003 ASTER

DEM for the 2003 pair, and the 13/11/2007 ASTER DEM for the 2001 pair (ad-

justed to 2011 using our dh
dt ). The 25/09/2001 and 13/09/2003 ASTER DEMs do

not need to be adjusted because they are coincident with one of the images in

the velocity pairs they are being used to orthorectify, and the maximum interval

is 18 days (for the 2001 pair). We assume an average glacier depth below water

of 150 m (see Koppes et al., 2009, figures 4a and 4b). Adding this to the height

gives an approximate thickness. We multiply the glacier thickness by the per-

pendicular velocity along the transect to calculate flux. Sources of uncertainty

that we include in the uncertainty for our flux estimates are the uncertainties on

the speed, uncertainty on the depth below water (±50 m), and uncertainty on

the DEMs used to obtain elevations.
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3.3 Results

3.3.1 Elevation Change Rates

Figure 3.1 provides a map of dh
dt for the CDI. Thinning is concentrated at lower

elevations at the front of several tidewater glaciers. Thickening is apparent on

the southern side of some of the highest mountains and at the front of the ad-

vancing Garibaldi Glacier. We calculate a dV
dt of -4.2±1.7 km3 yr-1 for the CDI

(extent shown in figure 3.1). This rate equates to an area averaged dh
dt of -1.6±0.7

m yr-1. Our estimate of the sub-aqueous volume loss rate (-0.12±0.06 km3 yr-1)

provides an additional (∼3%) loss, giving a final dV
dt of -4.3±1.7 km3 yr-1, equiv-

alent to a mass loss rate of -3.9±1.5 Gt yr-1, assuming surface elevation changes

are not due to densification processes and assuming an ice density of 900 kg m3.

This corresponds to an overall averaged thinning rate of -1.5±0.6 m w.e. yr-1.

The ablation zone, which comprises 60% of the icefield, accounts for 76% of the

mass loss. The ablation zone has an average thinning rate of -1.8±0.6 m w.e. yr-1

(including sub-aqueous mass change), the accumulation zone has an average

rate of -0.9±0.3 m w.e. yr-1. Three glaciers (Marinelli Glacier, Darwin Glacier,

and CDI-08 Glacier) account for 31% of the mass loss, but cover only 12% of the

icefield area.

We estimate a thinning rate of -1.0±0.4 m w.e. yr-1 for the southern side,

lower than the northern side (-1.9±0.7 m w.e. yr-1). The contrast between north

and south is most likely due to warming in the north and changing weather

patterns that have increased precipitation on the windward side of the moun-

tains and decreased precipitation on the lee side (e.g., Holmlund and Fuenzal-

ida, 1995), and of course the combination of climate with dynamic instability at
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glaciers such as Marinelli (e.g., Holmlund and Fuenzalida, 1995; Porter and San-

tana, 2003; Koppes et al., 2009). Table 3.1 gives the dV
dt for the 16 largest glaciers,

with rates for the entire basin, the accumulation zone and the ablation zone.

3.3.2 Velocities

Pixel-tracking provides useful velocities from twenty ASTER image pairs, one

QB02 pair and two ALOS pairs with acquisition dates between August 2001

and August 2011 (figure 3.7). ASTER pixel-tracking results are generally bet-

ter over the northern half of the CDI as there is less cloud cover than to the

south (Holmlund and Fuenzalida, 1995; Strelin and Iturraspe, 2007). Composite

speed results are shown in figure 3.8, velocities for individual pairs over selected

glaciers are shown in figure 3.9.

Average front speeds for the tidewater Marinelli Glacier (133 km2 - the

largest glacier of the CDI, e.g., Koppes et al., 2009) are obtained between

07/09/2001 and 25/09/2001 (18 days) and 06/09/2003-13/09/2003 (7 days)

from optical image pairs acquired by ASTER. In order to capture recent rapid

motions at the front, we process a 30/07/2011 to 16/08/2011 QB02 pair. Figure

3.10 shows a map of the 2011 velocities from the QB02 pair, along with longi-

tudinal speed profiles for the QB02, 2001 ASTER, 2003 ASTER and 04/01/2011-

19/02/2011 ALOS pairs, highlighting the consistently high front speeds from

2001 to 2011. Speeds at the front reach a maximum of ∼7.5±0.2 m day-1 in 2001,

∼9.5±0.6 m day-1 in 2003 and ∼10±0.3 m day-1 in 2011.

Speeds at the front of the tidewater Darwin Glacier (46 km2) reach a maxi-

mum average of 9.7±0.8 m day-1 for the period 25/09/2001 to 02/10/2001. No
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Figure 3.7: Date intervals for 22 pairs that produce usable pixel-tracking re-
sults. The most recent is a QB02 pair (blue), the next most recent
is an ALOS pair (green), and the remainder are ASTER pairs (red).

repeat measurements of motion from ASTER pairs are available for the Dar-

win Glacier. CDI-08 (127 km2), the furthest west and south of the three most

rapidly-thinning glaciers, reaches speeds of 2.0±0.5 m day-1 within 1 km of its

15/01/2011 front (04/01/2011 to 19/02/2011 ALOS pair), unfortunately repeat

speeds are not available for this glacier.
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Figure 3.8: Composite speed map for the CDI, incorporating ASTER- and
ALOS-derived ice velocities.

3.4 Discussion

3.4.1 Elevation Change Rates

Individual Glaciers

A longitudinal profile of elevation and thinning rates for Marinelli Glacier (fig-

ure 3.11) illustrates both terminus retreat and the dramatic thinning occurring

at the glacier. Thinning extends from the terminus to the highest parts of the ac-

cumulation zone. The longitudinal profile of the glacier surface remains convex

as the glacier thins and retreats (figure 3.11), indicating that basal stresses are

relatively high and the front remains grounded (e.g., Koppes et al., 2009) as of

13/11/2007.
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Figure 3.9: Velocity maps for individual glaciers (separate color scale for each
map), highlighting the quality of the velocity results for indi-
vidual image pairs. “a” shows velocities from the 04/01/2011-
19/02/2011 ALOS pair for CDI-08 Glacier with an ASTER image
from 15/01/2011 in the background. “b” shows velocities from the
07/09/2001-25/09/2001 ASTER pair for Marinelli Glacier with an
ASTER image from 07/09/2001 in the background. “c” shows ve-
locities from the 04/01/2011-19/02/2011 ALOS pair for Roncagli
Glacier with an ASTER image from 02/07/2002 in the background.
“d” shows velocities from the 25/09/2001-02/10/2001 ASTER pair
for Darwin Glacier with an ASTER image from 25/09/2001 in the
background.

The Marinelli Glacier retreated ∼4 km between 2001 and 2011 (measured

from ASTER and QB02 imagery), an average rate of retreat of 0.4 km yr-1. This is
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Figure 3.10: Speeds for Marinelli Glacier. Panel “a” is a map of velocities
from the QB02 (30/07/2011-16/08/2011) pair (background is the
07/09/2001 ASTER V3N image). Panel “b” shows profiles (in-
dicated by the red line in panel “a”) from two ASTER pairs
(07/09/2001-25/09/2001, 06/09/2003-13/09/2003), the QB02 pair
and an ALOS pair (04/01/2011-19/02/2011). The QB02 velocities
extend to the 2011 front (shown by the yellow line in panel “a”),
comparing them with the 2001 ASTER V3N image and the ASTER
speed profiles highlights the ∼4 km of front retreat between 2001
and 2011. We measure maximum front speeds at Marinelli Glacier
of 7.5±0.2 m day-1 in 2001, 9.5±0.6 m day-1 in 2003 and ∼10±0.3 m
day-1 in 2011.

lower than the retreat rate of 1 km yr-1 measured by Koppes et al. (2009) during

the late 1990’s. Our rate is similar to their average rate of ∼0.3 km yr-1 from

1960 to 2005. Koppes et al. (2009) infer volume loss rates at Marinelli Glacier

from observed retreat rates. A higher retreat rate provides a higher volume loss

estimate. They find that the volume change rate dropped from -0.7 km3 yr-1 in

1997 to -0.2 km3 yr-1 by 2005. In contrast, our measurements show that volume

loss at Marinelli is sustained at an average rate of -0.7±0.2 km3 yr-1 until at least

2007.

The accumulation area ratio (AAR) of Marinelli Glacier is 0.38 at an ELA
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Figure 3.11: dh
dt and elevations for a longitudinal profile (starting towards the
front) on Marinelli Glacier. A map of dh

dt is shown in panel “a”,
the track used in panels “b” and “c” is plotted in green. Panel
“b” gives elevation profiles for different dates along the green
track in “a”. The colorscale for the elevation profiles indicates
the relative time of acquisition. Dark blue is the SRTM elevation
(22/02/2000), the red track extending to the front is an ASTER
DEM from 13/11/2007. From the elevation profiles it is clear that
the front has retreated between 2-3 km between 2000 and 2007.
Panel “c” shows the dh

dt profile for the green track in “a”. The col-
orscale for panel “a” is the same as panel “c”.

of 1100 m (figure 3.12, panel “b”). Marinelli underwent a significant reduction

in AAR as the ELA moved up to its current altitude, likely contributing to the

period of negative mass balance in the mid-1990’s preceding the current phase

of rapid retreat (e.g., Koppes et al., 2009). The AAR has already moved through

the part of the hypsometry curve where small changes in elevation lead to large

changes in the AAR, an increase of 200 m from the current ELA of 1100 m would

only reduce the AAR from 0.38 to 0.31. The negative mass balance operates in

conjunction with dynamic instability, now that large changes in the ELA have

relatively little affect on the AAR the continued recession of Marinelli Glacier

will likely be even more dependent on the underlying fjord bathymetry.

The tidewater Darwin Glacier has a similar thinning profile to the Marinelli

Glacier (figure 3.13), retreating ∼2 km from 22/02/2000 to 15/01/2011. The
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Figure 3.12: Hypsometry for Garibaldi (panel “a”), Marinelli (panel “b”) and
CDI-08 (panel “c”) glaciers from the SRTM DEM. The curve indi-
cates what the AAR would be for the corresponding elevation. The
black dot indicates the current ELA, the red dot indicates a 200 m
upward shift. This would reduce the AAR for Garibaldi Glacier
from 0.89 to 0.82, for Marinelli Glacier form 0.39 to 0.31, and for
CDI-08 Glacier the AAR would drop from 0.71 to 0.46.
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15/01/2011 profile is convex for Darwin Glacier, suggesting that the front re-

mains grounded (e.g., Benn and Evans, 1998; Koppes et al., 2009). The retreat

and thinning at Darwin Glacier, as for Marinelli Glacier, is characteristic of other

fast-moving temperate tidewater glaciers (Koppes et al., 2009). Examples in-

clude Jorge Montt, HPS-12 and Upsala glaciers on the SPI (Willis et al., 2012b,

see figures 1 and 2; Sakakibara et al., 2013). Upsala calves into a lake, but its

pattern of thinning and retreat is similar to Jorge Montt and HPS-12.
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Figure 3.13: dh
dt and elevations for a longitudinal profile (starting towards the
front) on Darwin Glacier. A map of dh

dt is shown in panel “a”,
the track used in panels “b” and “c” is plotted in green. Panel
“b” gives elevation profiles for different dates along the green
track in “a”. The colorscale for the elevation profiles indicates
the relative time of acquisition. Dark blue is the SRTM elevation
(22/02/2000), the red track extending to the front is an ASTER
DEM from 15/01/2011. Panel “c” shows the dh

dt profile for the
green track in “a”. The colorscale for panel “a” is the same as panel
“c”.

CDI-08, the third glacier with a strong thinning signal, is on the southern side

of the icefield and faces west. This position and aspect favors increased snowfall

in the prevailing climate (Holmlund and Fuenzalida, 1995). Given its location

and facing, CDI-08 is somewhat anomalous in that almost 2 km of retreat has

occurred and the glacier has thinned rapidly between 2001 and 2011. The aver-

age thinning rate for CDI-08 is -3.0±0.9 m w.e. yr-1, compared to -1.0±0.4 m w.e.
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yr-1 for the southern part of the CDI.

Garibaldi Glacier, on the southern side of the icefield, with a southern aspect,

by contrast, has relatively large areas of positive dh
dt in its ablation zone. Our dh

dt

here are based on sparse temporal coverage, and there is only one ASTER image

(13/09/2003) that covers the entire front of Garibaldi Glacier. Comparison of a

WorldView-1 (optical) image from 09/27/2011 with a 13/09/2003 ASTER im-

age shows that the glacier has advanced by more than 1 km between 2003 and

2011. Figure 3.4 shows the frontal variation history of Garibaldi over a ∼65 year

period from Landsat TM and aerial imagery, and also shows advance in the past

decade. Further confirmation of advance in the past decade comes from field re-

ports in the austral summer of 2007, when the glacier was observed destroying

trees and frequently calving (Masiokas et al., 2009). This gives us confidence in

the positive dh
dt we observe for Garibaldi Glacier, despite the limited data. The

maximum recorded retreat was reached in 2001, followed by advance to the

2011 front that is within 0.5 km of the 1945 front (the maximum extent Garibaldi

during this period), and no more than 2 to 3 km of retreat/advance in the past

65 years.

The contrast in current behavior between CDI-08 and Garibaldi may be due

partly to the lower ELA of CDI-08 and the higher sensitivity of its AAR to

changes in climate compared with Garibaldi (figure 3.12, panels “a” and “c”

show the AAR versus elevation curves for Garibaldi and CDI-08). At our esti-

mated ELA of 640 m, CDI-08 has an AAR of 0.71, at an ELA of 650 m Garibaldi

has an AAR of 0.89. Shifting the ELA of CDI-08 up to 840 m reduces the AAR

to 0.46 (a reduction of 25%), raising the ELA of Garibaldi by more than twice

as much to 1090 m would reduce the AAR to 0.67 (22%). Post et al. (2011) note
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that an AAR above 0.8 typically favors advance in TWG, assuming the ELA

of Garibaldi is lower than 900 m, its AAR is greater than 0.8. The behavior of

Garibaldi Glacier, with an oscillating, quasi-stable front since at least 1945 is

consistent with an AAR that hovers around 0.8 and is relatively insensitive to

rising temperatures in the region (e.g., Holmlund and Fuenzalida, 1995; Strelin

and Iturraspe, 2007; Lopez et al., 2010).

Our results (positive dh
dt and advance in the ablation zone versus relatively

more negative dh
dt in the accumulation zone) indicate the possibility of surge-

like behavior (e.g., Rivera et al., 1997). However, a time series of velocities for

Garibaldi Glacier would be necessary to ascertain whether this is the case. It is

important to note that the underlying topography may be playing an important

role in regulating Garibaldi’s behavior as well, e.g., buoyancy forces at the front

may be reduced by a submarine terminal moraine and/or a shallower fjord (e.g.,

Post et al., 2011).

Comparison with other Southern Hemisphere Glaciers

Retreat and thinning is also occurring on other glaciers at similar latitudes in

the Southern Hemisphere. Ice masses in the Kerguelen Islands (49◦S, 69◦E), for

example, experienced accelerating retreat rates and an average dh
dt of -1.4 to -1.7

m yr-1 between 1963 and 2000 (Berthier et al., 2009). Glaciers on the subantarctic

island of South Georgia (54.5◦S, 37◦W) have undergone retreat in response to

warming since the 1950’s, with recession being particularly pronounced from

the 1980’s to the mid-2000’s (Gordon et al., 2008). Widespread retreat is also

observed for the glaciers of Heard Island (53.1◦S, 73.5◦E) in the southern Indian

Ocean (Thost and Truffer, 2008).
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A similar amount of warming has occurred in all these locations, with an in-

crease in average temperature of 0.4 to 1.4◦C south of 46◦S in Patagonia since the

beginning of the 20th century (Rosenblüth et al., 1995); 1◦C of warming between

1964 and 1982 for the Kerguelen Islands (e.g., Berthier et al., 2009); approxi-

mately 1◦C of warming from 1950 to mid-1990’s on South Georgia (e.g., Gordon

et al., 2008); and 0.9◦C of warming for Heard Island since the mid-20th century

(e.g., Thost and Truffer, 2008).

At the CDI and SPI, the thinning and rapid retreat of Marinelli and Jorge

Montt glaciers from topographic pinning points (Koppes et al., 2009; Rivera

et al., 2012b) anticipates the predicted response of tidewater glaciers in other

regions, such as South Georgia, if warming trends continue (e.g., Gordon et al.,

2008, section 5.1).

3.4.2 Velocities - Marinelli Glacier

Marinelli Glacier - Overview

Below, we estimate flux for Marinelli Glacier using our speeds, then compare

our results with Koppes et al. (2009), who estimate the terminus speed and

flux of Marinelli from the retreat rate. We find that our results do not agree

with Koppes et al. (2009). Whereas they infer a reduction in terminus speed for

Marinelli from 2000 to 2005, we find that the front speed in 2003 and 2011 is at

least as high as in 2001, and consequently the flux in 2011 is approximately the

same as the flux in 2001. We conclude that thinning at Marinelli Glacier is proba-

bly dynamic, with bed geometry likely governing velocity and retreat. We then

consider Marinelli Glacier as a tidewater-cycle glacier (TWG) in retreat phase
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(e.g., Meier and Post, 1987; Motyka et al., 2003; Post et al., 2011), and compare it

with Jorge Montt Glacier on the SPI.

Marinelli Glacier - Flux

We estimate a flux of 0.5±0.2 km3 yr-1 for the 2001 pair, 0.7±0.2 km3 yr-1 for the

2003 pair and 0.5±0.2 km3 yr-1 for the 2011 pair. Flux is highest in 2003 (due to

higher speeds than 2001 and a larger front than 2011), but the important point

is that the 2011 flux has not dropped relative to 2001 due to speeds at the 2011

front that are higher than 2001 and as high as 2003.

Seasonal changes in conditions at Marinelli Glacier could be influencing our

results, we note that the two ASTER pairs from which we obtain front speeds are

both from September. However, it is possible that the speeds in September 2001

and 2003 are different due to inter-annual variations in the onset of conditions

affecting the glacier speed.

The 2011 QuickBird 2 pair is from 30/07/2011 to 16/08/2011. While this

is not an entirely different season from the ASTER pairs, it is a month earlier,

which is long enough for seasonal variations to possibly play a role in any ob-

served speed differences. We consider it unlikely, however, that a seasonal com-

ponent of motion is dominant in the 30% increase in the front speed at Marinelli

between September 2001 (7.5 m day-1) and August 2011 (10 m day-1). Unfortu-

nately, we do not have enough repeat measurements to quantify any seasonal

effect on speeds, especially given that our ALOS results over Marinelli from the

austral summer do not reach the front.
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Marinelli Glacier - Comparison with Previous Results

Koppes et al. (2009) infer speeds from the retreat rate, with lower retreat rate

leading to lower inferred speed. They show Marinelli glacier slowing from a

terminus ice speed of 8 m day-1 in 2001 (similar to our 7.5 m day-1 2001 speed)

to 5.5 m day-1 in 2003. Our results, however, are evidence the glacier has not

slowed from 2001 (7.5 m day-1) to 2003 (9.5 m day-1). We find that, contrary to

the conclusion of Koppes et al. (2009), the front speed and therefore the flux are

not decreasing from 2001 to 2003. Furthermore, the front speed in 2011 is higher

than 2001, so despite the front being less extensive our estimate of the 2011 flux

is as high as for 2001.

Marinelli Glacier - Thinning Gradient Maintains Surface Slope at the Front

The maintenance of relatively high speeds at the front of Marinelli Glacier be-

tween 2001 and 2011 can be attributed, in part, to the observed gradient in dh
dt .

There is rapid thinning and retreat at the front, with slower thinning rates up-

stream. This imbalance maintains surface slope near the glacier front, sustaining

the driving stress according to the equation σ = ρghsin(α), where σ is the driv-

ing stress, ρ is the density, g is gravitational acceleration, h is thickness and α is

the slope (e.g., Cuffey and Paterson, 2010, p. 295).

Marinelli Glacier - Tidewater Cycle

The rapid retreat noted in this study and covered elsewhere (e.g., Koppes et al.,

2009; Warren and Aniya, 1999), coupled with the thinning we observe between

2000 and 2011, suggests that Marinelli Glacier is a tidewater-cycle glacier (TWG)
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in retreat phase (e.g., Meier and Post, 1987; Motyka et al., 2003; Post et al., 2011).

Front recession has opened the fjord at Marinelli. Around 1945 retreat began

as the glacier receded into deeper water from the arcuate terminal moraine it

had been pinned at, with particularly rapid retreat throughout the 1990’s and

2000’s (Holmlund and Fuenzalida, 1995; Porter and Santana, 2003; Koppes et al.,

2009). Fjord bathymetry (and possibly ocean temperatures) likely governs the

ice dynamics and calving rate (e.g., Benn et al., 2007; Koppes et al., 2009; Straneo

et al., 2010), which probably control thinning at Marinelli (e.g., Koppes et al.,

2009). The velocity results for Marinelli Glacier support this hypothesis. 2011

speeds at Marinelli that are higher than 2001 and as high as 2003 suggest that

the glacier has not yet retreated to fjord depths shallow enough to slow it down.

Along with an estimate of the 2011 flux that is as high as 2001, this leads us to

predict that Marinelli Glacier will continue to retreat at least until it reaches a

new topographic pinning point, which would likely cause the terminus speed to

fall and calving rates to drop. There is no evidence of accumulation in the recent

history of Marinelli Glacier that would compensate the mass loss due to calving.

NCEP-NCAR climate model results show that precipitation has decreased at

Marinelli Glacier and temperatures have risen (Koppes et al., 2009).

We do not see similar large thinning signals at adjacent glaciers with sim-

ilar settings, which is further evidence that dynamic instability, and not melt

due to a regional increase in atmospheric temperatures, is the main proximate

cause of the current thinning at Marinelli. However, warming and decreased

precipitation has likely helped trigger the initial retreat and thinning from the

terminal moraine and contributed to the recent history of negative mass balance

(Holmlund and Fuenzalida, 1995; Porter and Santana, 2003; Koppes et al., 2009).
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Jorge Montt Glacier on the SPI is a somewhat analogous TWG, with a

grounded front, thinning occurring at approximately the same rate, and a

rapidly receding terminus (Rivera et al., 2012b; Willis et al., 2012b). As at

Marinelli, terminus retreat opened the fjord at Jorge Montt, with subsequent

rapid retreat as the glacier receded into deeper water (Rivera et al., 2012b). At

Marinelli the retreat is thought to have been initiated by thinning linked to cli-

mate changes (e.g., Koppes et al., 2009). Though there is a high degree of vari-

ability from glacier to glacier on the Patagonian icefields (Rivera et al., 2012b)

the similar behavior of these two glaciers in the same region but on different

icefields suggests that changing climate plays a role in retreat and thinning at

Jorge Montt as well, given that the retreat was inferred to have been triggered

by warming-induced thinning at the fronts of both glaciers.

3.5 Conclusions

We provide the first icefield-wide thinning rates and glacier velocities for the

Cordillera Darwin Icefield. We find thinning at an average rate of -1.5±0.6 m

w.e. yr-1 for the CDI between 2000 and 2011 (equivalent to a mass loss rate of

-3.9±1.5 Gt yr-1) with less thinning in the south (-1.0±0.4 m w.e. yr-1) compared

to the northern part of the icefield (-1.9±0.7 m w.e. yr-1). This pattern of thin-

ning is consistent with climate records that show a warming trend in this region

from the 1940’s through the 1990’s, leading to higher temperatures along with

decreased precipitation on the northern side of the icefield and an increase in

precipitation on the southern side (Holmlund and Fuenzalida, 1995; Strelin and

Iturraspe, 2007; Koppes et al., 2009).
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Operating in conjunction with local glacier geometry, rising temperatures

triggered a period of prolonged retreat at Marinelli Glacier (since 1945) (e.g.,

Holmlund and Fuenzalida, 1995; Porter and Santana, 2003; Koppes et al., 2009).

Recently, Marinelli Glacier retreated approximately 4 km from 2001 to 2011, re-

flected in our dh
dt by the zone of rapid thinning near its front (approximately

-25 m yr-1). Our repeat velocity measurements support the hypothesis that

Marinelli is still in a retreat phase. We predict the retreat of Marinelli Glacier

until it reaches a new topographic pinning point. Our dh
dt map shows a similar

pattern and degree of thinning at Darwin and CDI-08 glaciers, but we do not

have the thickness or repeat speed measurements required to estimate flux and

decipher whether thinning at these glaciers is dynamic.

All three Patagonian icefields are losing mass. The NPI, with an average dh
dt

of -1.0±0.1 m w.e. yr-1 (Willis et al., 2012b) is thinning at a slower rate than the

CDI (-1.5±0.6 m w.e. yr-1), which is thinning at approximately the same rate as

the SPI (-1.6±0.1 m w.e. yr-1) (Willis et al., 2012b). Other glaciers at the same lati-

tude (e.g., the Kerguelen Islands, the island of South Georgia, and Heard Island)

are thinning and retreating, and have undergone a similar degree of warming to

Patagonia (Rosenblüth et al., 1995; Gordon et al., 2008; Thost and Truffer, 2008;

Berthier et al., 2009). The CDI contributed 0.01±0.004 mm yr-1 to sea level be-

tween 2000 and 2011. The combined NPI, SPI and CDI icefields contributed

0.078±0.008 mm yr-1 over the same period. This rate compares well with recent

GRACE estimates (Jacob et al., 2012), and could be further refined by including,

for example, DEMs generated from stereo high-resolution imagery. Accurate

basin-by-basin knowledge of accumulation rates would also help refine the cut-

offs used to exclude spurious elevations, producing better dh
dt .
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The Arctic is warming at twice the global average rate. By 2100 glaciers of

the Russian High Arctic (RHA) are predicted to be amongst the largest contrib-

utors to sea level rise outside of the ice sheets. Between 2003 and 2009 Novaya

Zemlya (NovZ) provided 80% of total RHA mass loss according to studies us-

ing GRACE and ICESat. ICESat measurements show no significant difference

between frontal thinning at marine- versus land-terminating glaciers at NovZ,

which suggests that changing climate is the main driver of mass loss. This con-

tradicts 1992-2010 retreat measurements that find marine-terminating glaciers

have order-of-magnitude higher retreat rates than land-terminating glaciers,

and that retreat is accelerating at marine-terminating glaciers. We present maps



of elevation change rates ( dh
dt ) and flow velocities that show mass loss increases

at NovZ in recent years (2012-2013/2014) over the long-term average (1952-

2013/2014). These results highlight the effects of both climate and glacier dy-

namics.

dh
dt between 1952-2013/2014 are calculated by applying a weighted linear re-

gression to horizontally- and vertically-aligned digital elevation models (DEMs)

from a 1952 cartographic map and DEMs created from stereo-pairs of ASTER

and WorldView images, as well as ICESat elevations. Flow velocity maps are

produced by applying pixel-tracking to image pairs from WorldView, Quick-

Bird 2, GeoEye-1, Landsat, ASTER, and TerraSARX.

Average mass loss increases from -0.24±0.04 m w.e. yr-1 for 1952-2013/2014

to -0.41±0.10 m w.e. yr-1 for 2012-2013/2014. Additional dh
dt obtained by incor-

porating ICESat elevations and ASTER DEMs together with WorldView DEMs

confirm that thinning has been higher than the long-term average for at least

the last decade. Recent thinning rates at land-terminating glaciers along the

Barents Sea coast are higher than the 1952-2013/2014 averages, likely due to

higher temperatures. Marine-terminating glaciers along the Barents Sea coast

have the highest front speeds and the highest frontal thinning rates, evidence

that dynamic thinning is occurring. The most spectacular example of the in-

fluence of glacier dynamics at NovZ is Inostrantseva Glacier (INO), which has

accelerated by 200 to 300% and retreated by more than 3 km since 2006.



4.1 Introduction

Glaciers outside Greenland and Antarctica are significant current contributors

to sea level rise (SLR), providing an estimated 215±26 out of 549±57 Gt yr-1 of to-

tal glacier mass loss between 2003 and 2009 (e.g., Gardner et al., 2013). They are

expected to be a significant fraction of SLR through 2100, with estimates varying

from 155±41 mm to 216±44 mm of glacier mass wastage for 2006 through 2100

(Radić et al., 2014).

About half of all the glacier ice outside Greenland and Antarctica is con-

tained in the glaciers of the high Arctic (Radić et al., 2014). Warming rates in the

high Arctic have been twice the global average in recent decades (Screen and

Simmonds, 2010), ongoing glacier mass loss there is substantial (Gardner et al.,

2011, 2013). The Russian High Arctic (RHA) includes 51,600 km2 of glaciated

area, split between the islands of Novaya Zemlya (NovZ, ice cover of 22,100

km2) and the archipelagos of Franz Josef Land (12,700 km2) and Severnaya

Zemlya (16,700 km2) (Moholdt et al., 2012a).

The focus of this study is Novaya Zemlya (figure 4.1), furthest south of the

three glaciated regions in the RHA, where approximately 80% of mass loss in

the RHA from 2003 to 2009 occurred (Moholdt et al., 2012a). The RHA con-

tains about 20% of the total glacier ice in the high Arctic and is projected to

constitute 26% of total arctic mass loss by 2100 (Radić et al., 2014). However,

between 2003-2009 studies using GRACE and ICESat data suggest that it only

accounts for 12% of total Arctic ice mass loss (Moholdt et al., 2012a; Gardner

et al., 2013). In this study, we use measurements of surface elevation change

( dh
dt ) from 1952-2013/2014 to show that, as expected, the contribution of NovZ to
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Figure 4.1: Novaya Zemlya (NovZ), with 22,100 km2 of glaciated area shown
in white.
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SLR is currently greater than the long-term average, and has increased over the

past decade.

We also seek to better understand the factors driving mass loss at NovZ.

60% of the glaciated area at NovZ is drained by tidewater-terminating glaciers

(based on data from Global Land Ice Measurements from Space; GLIMS,

2014). Tidewater glaciers are of particular interest because they generally have

a greater potential to lose mass through buoyancy-driven calving, often re-

ferred to as “dynamic” mass loss (e.g., Willis et al., 2012b; Melkonian et al.,

2013; Carr et al., 2014). Particularly rapid ice loss occurs when a tidewater-

terminating glacier enters the retreat phase of the tidewater-glacier (TWG) cy-

cle (e.g., Columbia and Marinelli Glaciers; Koppes et al., 2009; Post et al., 2011;

Melkonian et al., 2013), caused by buoyancy-driven calving as their front re-

treats from a terminal moraine “pinning point” (e.g., Post et al., 2011). Dynamic

mass loss (through calving) can constitute a substantial fraction of thinning for

individual glaciers and entire regions (e.g., Howat et al., 2008a).

The other primary driver of ice loss is climate, which can influence glacier

mass balance through various mechanisms that affect temperature and precipi-

tation. Zeeberg and Forman (2001) show that elevated sea surface temperatures

(SSTs) from 1959 to 1966 in the southern Barents Sea contribute both positively

and negatively to mass balance at NovZ glaciers. Elevated SSTs in the south-

ern Barents Sea due to greater advection of warm North Atlantic water associ-

ated with a positive phase of the North Atlantic Oscillation index (NAO) led to

positive mass balances at Shokal’ski Glacier through increased winter precipi-

tation for several years between 1959-1966 (Zeeberg and Forman, 2001). How-

ever, when higher SSTs in the southern Barents Sea caused summer air temper-
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atures to rise more than 1.0◦C above average they were associated with negative

mass balances (e.g., in 1959 and 1961 at Shokal’ski Glacier; Zeeberg and Forman,

2001). More recently, Zhao et al. (2014) suggest that the longer melt season and

increasing snowmelt variations from 1995-2011 may contribute to the higher ice

loss found by Moholdt et al. (2012a) at NovZ compared to Severnaya Zemlya.

Zhao et al. (2014) also find that total melt days (TMD) at NovZ from 1995-2011

have a significant negative correlation with the sea ice extent of the Kara Sea

(less sea ice, more melting), as lower offshore sea ice extent can lead to greater

onshore advection of sensible and latent heat fluxes (Rennermalm et al., 2009).

Recent studies differ on the importance of climate versus dynamics for ice

loss at NovZ. Moholdt et al. (2012a) find no significant difference between thin-

ning at the front of marine- and land-terminating glaciers from 2003 to 2009

using ICESat, suggesting that the regional warming is the dominant cause of

mass loss. However, Carr et al. (2014) observe that retreat at marine-terminating

glaciers has increased from 1992 to 2010 at NovZ, and that between 2000 and

2010 marine-terminating glaciers retreated an order-of-magnitude faster than

land-terminating glaciers, which is evidence that dynamic mass loss is occur-

ring at NovZ. One reason for the different interpretations of the causes of mass

loss is that ICESat consists of tracks that may lack the spatial coverage to fully

capture dynamically-driven thinning, where the highest rates are often quite lo-

calized near the front of a glacier (Carr et al., 2014). Carr et al. (2014) underscore

the need for dh
dt with more comprehensive spatial coverage, particularly at the

front of outlet glaciers, in order to assess whether the dynamic thinning they

expect based on their retreat measurements is in fact occurring. Further recent

glacier velocity estimates, which can be used to quantify calving flux and look

for acceleration, are also a key measurement missing from the investigation of
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ice dynamics at NovZ. Calving flux is not only an important measurement for

constraining dynamic mass loss, it is also relevant because icebergs from NovZ

could potentially impact oil drilling in the Kara Sea (Staalesen, 2014).

To address the need for higher resolution observations of dh
dt and glacier ve-

locities, we add to previous studies by using satellite imagery and digital eleva-

tion models (DEMs) to produce maps of dh
dt and velocities for NovZ to determine

basin-by-basin changes in the magnitude and pattern of both thinning and ve-

locities. Our datasets (see table S1 for a more detailed summary) consist of a

1952 cartographic DEM (Sharov, 2005; de Ferranti, 2014), WorldView imagery

and DEMs, QuickBird 2 imagery, GeoEye-1 imagery, imagery acquired by the

Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)

instrument onboard the Terra satellite, as well as DEMs produced from ASTER

imagery (LP DAAC, 2014), imagery from Landsat 5, 7 and 8, elevations from

the Geoscience Laser Altimeter System onboard the Ice, Cloud and land Ele-

vation Satellite (GLAS/ICESat altimetry product GLA06, Release 531; Zwally

et al., 2010), and synthetic aperture radar (SAR) scenes acquired by TerraSARX.

All glacier outlines used in this study are assembled and distributed by GLIMS

(GLIMS, 2014).

The aim of our study is to provide new results that improve answers to the

following questions about NovZ, motivated by the previous studies we outline

above. Has thinning increased recently at NovZ, either in response to warming

or other processes? Does evidence suggest that observed thinning is dynamic,

climatic, or both, and is it regionally concentrated as implied by the retreat mea-

surements of (Carr et al., 2014)? What is driving retreat for the most rapidly

receding glaciers at NovZ?
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To answer the last question, we analyze our velocity and dh
dt results for two

marine-terminating glaciers on the Barents Sea coast, Inostrantseva (INO) and

Vilkitskogo North (VIS), identified as the fastest-retreating glaciers at NovZ

(Carr et al., 2014). We constrain the magnitude of seasonal velocity variations

and look for inter-annual acceleration, including comparisons with previous re-

sults using different satellites in the 1990’s (Sharov, 2005; Strozzi et al., 2008).

We use front velocities to constrain calving flux in order to determine to what

extent retreat and mass loss at INO and VIS is dynamically driven.

We examine recent SSTs from 2006-2014 (produced by GHRSST-PP using OS-

TIA; Stark et al., 2007) in the waters surrounding NovZ as a possible contribut-

ing factor to both climatic and dynamic mass loss. SSTs affect mass loss directly

through submarine melt and indirectly through feedback with sea-ice concen-

tration, as well as onshore heat advection (e.g., Vieli et al., 2002; Benn et al., 2007;

Joughin et al., 2008; Amundson et al., 2010; Carr et al., 2014). Given the climato-

logical differences between the Barents and Kara Sea coasts (e.g., Moore, 2013),

we look in particular for regional differences in SSTs. A spatial correspondence

between higher SSTs and greater mass loss would suggest a connection between

elevated SSTs and mass loss at NovZ.

4.2 Methods and Data

4.2.1 Glacier Speeds

We apply pixel-tracking to pairs of orthorectified optical images from World-

View, Landsat and ASTER as well as SAR images from TerraSARX to produce
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glacier velocities from 1999 to 2014 (see table B.1 for a data summary). World-

View imagery is orthorectified to its own DEM or to the closest DEM in time to

minimize errors due to elevation change between the image acquisition and the

DEM. QuickBird 2 and GeoEye-1 imagery is orthorectified to the closest World-

View DEM in time. Orthorectification is performed using “gdalwarp” from the

Geospatial Data Abstraction Library (GDAL Development Team, 2013). The

ASTER product 14 imagery we use comes orthorectified to its own DEM. Level

1 T/GT Landsat 7 and 8 imagery is already terrain-corrected. Landsat 5 im-

agery is orthorectified using the 1952 cartographic DEM. Once the images in a

pair are orthorectified, we use normalized cross-correlation to perform pixel-

tracking using the “ampcor” tool from the Repeat Orbit Interferometry PACk-

age (ROI PAC Rosen et al., 2004). Full details of the methodology are given in

Willis et al. (2012a), Melkonian et al. (2013) and Melkonian et al. (2014). We use

velocities from 57 pairs in this study (intervals shown in figure B.1).

The uncertainties of the glacier velocities are calculated on a pair-by-pair

basis from off-ice motions, which should be practically zero relative to glacier

offsets. We isolate the off-ice motions using the GLIMS glacier outlines and

clip them at ± two standard deviations to remove outliers caused by shadow,

variable snow cover, cloud cover and DEM errors. The resulting median off-ice

motion is assigned as the uncertainty for the pair.

Uncertainties generally range from 5% to 20% of the maximum velocity in a

pair, although the magnitude of the uncertainty is strongly dependent on the

time separation between the images in a pair. Glacier offsets increase mea-

surably with time, whereas off-ice offsets do not, leading to generally higher

uncertainties for shorter-interval (e.g., a week to 1-2 months) pairs and lower
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uncertainties for longer-interval (e.g., 3 months to a year) pairs. Longer-interval

pairs, in addition to generally lower uncertainties, are also better suited to find-

ing slower motions that take time to build up measurable offsets. However,

longer-interval pairs often do not capture higher velocities (e.g., near the front

of marine-terminating glaciers) due to differences in surface cover, decorrelation

caused by changes in the crevasse patterns, or because an area near the front in

the earlier image has calved off by the acquisition time of the later image. Pro-

cessing shorter-interval pairs is therefore necessary to measure front velocities

at faster-moving glaciers so that we can look for acceleration and more accu-

rately estimate the calving flux.

Constraining Flux

We estimate calving flux for various time periods at INO and VIS from the

glacier surface velocities by taking front transects perpendicular to the flow di-

rection at the front. The velocities along the front transect are sampled at 30 m

intervals. If no velocity was measured at the rock-adjacent intervals on either

end of the transect, these are set to 0 m day-1 (e.g., Burgess et al., 2013). We use

linear interpolation to fill remaining gaps in the velocity field along the front

transect.

At each interval we calculate the speed perpendicular to the front transect,

then multiply by the interval width (30 m) and average ice thickness to calcu-

late the flux for that interval. We sum together the flux of all the intervals to

obtain a flux for the entire front. The flux uncertainty due to the velocity uncer-

tainty is calculated by summation of the velocity uncertainty over all intervals

in quadrature, then dividing by the square root of the number of “independent”
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velocity measurements (determined by the reference window size used during

the cross-correlation). This is analogous to the method we use to calculate our

volume change uncertainties.

Average thickness is estimated by applying the principle of isostasy to ice-

berg heights measured from WorldView DEMs, with lower constraints esti-

mated based on the frontwall heights from the same DEMs and approximate

fjord depths near the glacier termini of 100 to 200 m (from topographic maps;

Carr et al., 2014). The largest icebergs calving off INO as measured from a

2012/06/20 WorldView DEM typically have heights above water of 18 to 22

m, which would indicate a total thickness of 200 m assuming a density of 900

kg m3, which is likely close to the actual density of ice at the front. We assume

that the largest icebergs are upright based on an examination of their surface

characteristics, however, even if they are “tipped” the ones we examine for INO

typically have side lengths of 200 m.

Likewise, WorldView DEMs from 2012/06/26 and 2013/04/09 covering the

front of VIS indicate a minimum iceberg height above water of about 15 m,

implying a total thickness of 150 m. These are smaller icebergs than INO (the

larger ones are typically 50 m to a side), which is consistent with the slower

summer front speeds at VIS. The frontwall of VIS is 40 to 50 m above the water,

so it is unlikely that these are capsized icebergs whose side lengths represent

the entire thickness of VIS.

A theoretical lower constraint on the thickness of INO and VIS is obtained

by assuming a parabolic cross-section and using the maximum value (four) of

the ratio of the half-width to the thickness typical for valley glaciers (Cuffey

and Paterson, 2010). The half-width at the 2013 front of INO is a minimum of 1
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km, which yields a maximum thickness of 250 m. Assuming a parabolic cross-

section, the average thickness of INO would be 167 m. The same exercise for

VIS (which has a 2013 half-width of 1.75 km) results in an average thickness

of ∼292 m, which is likely an overestimate based on the frontwall and iceberg

heights. A different estimate of the lower constraint on thickness is obtained by

adding the frontwall heights at INO and VIS (40 to 60 m) to the lower value of

the approximate fjord depths for NovZ (100 to 200 m; Carr et al., 2014), which

suggests a minimum thickness of 100 to 150 m for INO and VIS.

Based on these estimates, we set our lower bound for thickness at 75% of

our estimate from iceberg heights, resulting in a “minimum” average thickness

of 150 m for INO and 112.5 m for VIS. We consider this to be a conservative

estimate of the minimum average thickness compared to the values derived

from typical valley glacier cross-sections and estimates from the iceberg heights,

frontwall heights and fjord depths.

The flux estimates assume the depth-average velocity is the same as the sur-

face velocity (e.g., Cuffey and Paterson, 2010; Burgess et al., 2013). We pro-

vide a lower bound on flux using the 75% lower bound on average thickness

and a depth-averaged velocity that is 80% of the surface velocity (e.g., Burgess

et al., 2013; McNabb et al., 2014). Our upper bound on flux assumes the depth-

averaged velocity is the same as the surface velocity (e.g., for valley glaciers

Cuffey and Paterson, 2010) and uses the thickness calculated based on the ice-

berg heights. Fluxes are converted to Gt yr-1 and reported as lower bound to

upper bound ± the uncertainty from the velocities, e.g., 0.31-52±0.10 Gt yr-1.

Capturing the velocities as close the front as possible, and along the entire

width, is the best way to estimate the calving flux from the surface velocities.
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Figure 4.2: Flux at INO for three different gates using velocities from
2012/06/06 to 2012/06/20. The transects go from farthest upglacier
(panel “a”) to closest to the front (panel “c”). The profile below
each map shows the speeds along the flux gate indicated by the
black line, with purple showing measured speeds and green show-
ing interpolated speeds. This exercise demonstrates that interpola-
tion does is not overestimating flux, as the flux for the transect in
panel “c” is only 13% greater than for the transect in panel “a”, and
we would expect flux near the front to be somewhat greater than
further upglacier for INO (which is retreating rapidly).

While our velocities reach the front of INO and VIS glaciers, in some cases they

do not extend across the entire width of the front. Therefore, linear interpolation

is necessary where there are gaps. We ensure that interpolation is not producing

erroneous flux estimates by finding the flux at gates behind the front, where we

have velocities across the entire or nearly the entire width of the glacier. This

provides a lower constraint on the calving flux at INO and VIS, as these glaciers

are fastest at their front (particularly in recent years).
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Figure 4.2 illustrates this process for the 2012/06/06-2012/06/20 WorldView

velocity pair over INO by showing several flux gates, starting several kilometers

back from the front and moving upglacier. The fluxes moving upglacier are

0.50-0.83±0.09 Gt yr-1, 0.55-0.92±0.13 Gt yr, and 0.56-0.94±0.15 Gt yr-1. These

measurements do not indicate that interpolation is overestimating the calving

flux, as they are not significantly different and we would expect the calving flux

to be higher than the flux further upglacier if the glacier is retreating.

4.2.2 Elevation Change Rates

Our elevation data consist of WorldView DEMs from 2012-2014, ASTER DEMs

(2000-2013), ICESat tracks from 2003-2009, and a cartographic DEM from 1952.

The ICESat elevations are from release 531 of the GLA06 altimetry product

(Zwally et al., 2010). The cartographic DEM is based on aerial and geodetic

surveys conducted in 1952 and matches well with off-ice ICESat elevations,

with a median off-ice elevation difference of 0.1 m and standard deviation of

14.3 m (figure B.2). However, the cartographic DEM may underestimate or

overestimate elevations in snow-covered areas. We do not attempt to quan-

tify this here, but the future availability of spy imagery and comparison of ice

adjacent to bedrock with more recent Landsat imagery could help determine

where cartographic elevations are too high or too low. Areas of thinning in

the 1952-2013/2014 dh
dt should correspond to an expansion of exposed bedrock,

while areas with thickening should show a reduction in the area of exposed

bedrock. High-resolution (3 m by 3 m pixels) WorldView DEMs are generated

using the ASP toolset (Broxton and Edwards, 2008; Moratto et al., 2010). World-

View DEMs are vertically coregistered to the same ICESat dataset by shifting the
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DEM by the median difference between ICESat and WorldView bedrock eleva-

tions after clipping at two standard deviations to remove outliers introduced by

clouds, DEM errors, and other sources of erroneous elevations. The standard

deviation of the bedrock elevation differences after clipping at two standard de-

viations is taken as the uncertainty of the DEM. The median uncertainty of the

177 WorldView DEMs is 1.6 m, the average is 1.9 m.

dh
dt are calculated by applying a weighted linear regression to horizontally-

and vertically-aligned DEMs on a pixel-by-pixel basis, using the WorldView

DEMs and 1952 cartographic DEM to produce 1952-2013/2014 (long-term) rates

and just the WorldView DEMs to produce 2012-2013/2014 (short-term) rates.

Figures B.4 and B.5 map the last date (average is 2013.6 in decimal years) and

separation between the first and last date (average separation is 1.1 years), re-

spectively, of the WorldView DEMs incorporated into the 2012-2013/2014 re-

gression. Figure B.6 shows the average number of elevations incorporated into

the regression (median is 3, average is 3.2). The supplementary material gives

the details of calculating the dh
dt and mass change rate uncertainties.

We investigate the change in mass loss through time (assuming a density

of 900 kg m-3, e.g., Moholdt et al., 2012a) by comparing the magnitude and pat-

tern of 1952-2013/2014 dh
dt obtained using the cartographic DEM and WorldView

DEMs with rates for 2012 to 2013/2014 obtained using only WorldView DEMs.

We check whether the more recent rates represent a one- to two-year anomaly

by calculating 2000-2013/2014 dh
dt using ASTER and WorldView DEMs. ASTER

DEMs are not as accurate as WorldView DEMs, particularly in the accumulation

zone, but are reliable in low-elevation areas where we see higher thinning rates.

The long-term and short-term dh
dt results are separated according to which
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glaciers are marine- and land-terminating and which are along the Barents ver-

sus Kara Sea coast to determine the relative change in mass loss between the

two regions and glacier types. Plotting dh
dt by elevation for the two regions and

glacier types gives further insight into how thinning and mass loss are appor-

tioned at NovZ, and which areas have changed the most. We include 2003-

2012/2014 dh
dt produced using ICESat and the WorldView DEMs in this analysis,

both to validate the 2012-2013/2014 dh
dt (which cover a brief time period and

could be dismissed as anomalous or erroneous), as well as to compare the two

to determine if the 2012-2013/2014 are likely to be over- or under-estimating

recent mass loss.

4.3 Results

4.3.1 Glacier Speeds

Glaciers on the Barents Sea coast often reach speeds of around 3 m day-1 (figure

4.3, panel “e”). The glaciers on the Kara Sea coast are slower, similar to the

results from studies of data from the 1990’s covering portions of NovZ (Sharov,

2005; Strozzi et al., 2008). This is consistent with the far more extensive and

visible crevassing at the front of glaciers on the Barents Sea coast, as well as the

higher retreat rates of glaciers there (Carr et al., 2014).

Between 2002-2014, Inostrantseva Glacier is the fastest glacier we observe on

the NovZ Icefield (figure 4.3, panels “b” and “e”), with terminus speeds reach-

ing a maximum of 9.6±0.4 m day-1 from 2012/06/06 to 2012/06/20 (summer

2012). Figure 4.5 (panels “a” and “b”, profile location shown in figure 4.3, panel
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Figure 4.3: Velocities/speeds at INO, VIS and NovZ. Panel “a” shows veloci-
ties at INO from 2002/06/24 to 2002/08/15, “b” shows velocities
at INO from 2012/06/06 to 2012/06/20. Panel “c” shows velocities
at VIS from 2001/06/19 to 2001/08/08, “d” shows velocities at VIS
from 2013/07/07 to 2013/08/01. The black lines in panels a, b, c
and d are flux gates, figure 4.4 shows the corresponding speed pro-
files. Panel “e” is a composite of speeds during 2013 over NovZ.
The white lines in panels “a” and “c” indicate the profiles used for
INO and VIS, respectively, in figure 4.5.

139



a: INO 2002/06/24−08/15 Speeds

Measured

Interpolated

0

1

2

3

4

5

6

7

8

9

10

S
p

e
e

d
 (

m
/d

a
y

)

0.0 0.5 1.0 1.5 2.0

Distance (km)

b: INO 2012/06/06−06/20 Speeds

0 1 2 3 4 5 6

Distance (km)

c: VIS 2001/06/19−08/08 Speeds

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

S
p

e
e

d
 (

m
/d

a
y

)

0 1 2 3 4

Distance (km)

d: VIS 2013/07/07−08/01 Speeds

0 1 2 3 4

Distance (km)

Figure 4.4: Speed profiles along transects used to calculate flux at INO and VIS
for different years. Panel “a” shows speeds at INO from 2002/06/24
to 2002/08/15 along the flux gate in panel “a” of figure 4.3, panel
“b” shows speeds at INO from 2012/06/06 to 2012/06/20 along the
flux gate in panel “b” of figure 4.3. Panel “c” shows speeds at VIS
from 2001/06/19 to 2001/08/08 along the flux gate in panel “c”
of figure 4.3, panel “d” shows speeds at VIS from 2013/07/07 to
2013/08/01 along the flux gate in panel “d” of figure 4.3. The pur-
ple circles are measured speeds, the green circles are interpolated
speeds.

“a”) shows a longitudinal speed profile at INO starting from the center of the

front, where the speeds are highest. Between 2002 and 2006, spring and summer

front speeds at INO are 2 to 3 m day-1, 50% slower than spring and winter speeds

observed during 2013 and 2014. At some point after 2006 the terminus acceler-
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Figure 4.5: Longitudinal speed profiles for INO from summer 2002 to winter
2014 (panels “a”, “b”) and VIS spanning 1985 to 2013 (panels “c”,
“d”), see figure 4.3 for profile locations. The left edge of each pro-
file approximately corresponds to the front during that time. INO
shows a strong seasonal signal and significant inter-annual acceler-
ation. Maximum front speeds at INO are 2.5 to 3 m day-1 in summer
2002 and summer 2006 (panel “b”). Sometime after 2006 INO accel-
erates, reaching 9 m day-1 in summer 2012 (panel “b”), 5 to 6 m day-1

in spring 2013 and 4 to 5 m day-1 in winter 2014 (panel “a”). VIS has
a strong seasonal signal, with front speeds during the spring vary-
ing from 0.5 to 1.5 m day-1 (panel “c”) and summer speeds reaching
2 to 3 m day-1 (panel “d”). The inter-annual signal at VIS is less
than the seasonal, but there is acceleration at the front of around 0.2
to 0.4 m day-1 between 2001 and 2013.

ated. Front speeds from 2012 to 2014 show strong seasonal variability, with the

maximum front speed during the summer almost twice as fast as spring and

winter (figure 4.5, panels “a” and “b”). After reaching a maximum of 9 m day-1
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during summer of 2012, the front slowed to around 4 to 5 m day-1 during the

spring 2013 and winter 2014.

VIS is slower than INO between 2001-2014, with front speeds reaching a

maximum of 2.8±0.2 m day-1 from 2013/07/07 to 2013/08/01 (summer) (figure

4.5, panels “c” and “d”, profile location shown in figure 4.3, panel “c”). VIS ex-

hibits significant seasonal speed fluctuations throughout the study period, with

summer front speeds twice as high as those observed during the spring. Inter-

annual acceleration at VIS is minor in both relative and absolute terms com-

pared to INO, with the magnitude of the increase from 2001 to 2013 (15 to 20%,

or 0.3 to 0.4 m day-1) only marginally larger than the uncertainties. Spring 2001

front speeds reach a maximum of 1.0±0.1 m day-1 (2001/03/17 to 2001/04/16)

and are twice as high during the summer, attaining a maximum of 2.0±0.1 m

day-1 (2001/06/19 to 2001/08/08). The maximum observed spring 2013 front

speed is 1.4±0.1 m day-1 (2013/04/01 to 2013/04/27), half the maximum sum-

mer 2013 speed.

4.3.2 Mass Loss

The spatial pattern of dh
dt for both 1952-2013/2014 and 2012-2013/2014 is one of

higher thinning rates at glacier fronts, transitioning to lower thinning rates and

some thickening at higher elevations (figure 4.6, figure B.7). With the exception

of several glaciers along the southern part of the Kara Sea coast, the average

dh
dt at the fronts of all outlet glaciers is negative for 1952 to 2013/2014 (figure

4.6). Thinning increased from 1952-2013/2014 to 2012-2013/2014 at the front of

almost all glaciers covered by both results, particularly along the Barents Sea
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Figure 4.6: Surface elevation change rates at the NovZ Icefield for INO (“a”,
1952-2013, “b”, 2012-2013), VIS (“c”, 1952-2014, “d”, 2012-2014) and
96% of NovZ (“e”, 1952-2013/2014). Panels “a”, “b”, “c” and “d” il-
lustrate the impact of increased calving on thinning at INO and VIS.
The 1952-2013/2014 dh

dt for NovZ show pervasive thinning at lower
elevations, with some thickening at higher elevations, particularly
at the northern ice cap.
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Table 4.1: Mass Change Rates and Average Mass Balances for NovZ: 1952-
2013/2014

Region Area Mass Change Rate Average Mass Balance
(km2) (Gt yr-1) (m w.e. yr-1)

NovZ 21,277 -5.0±0.8 -0.24±0.04
Barents Sea 11,369 -3.6±0.4 -0.32±0.04
Barents Sea Marine-Terminating 6,990 -1.5±0.3 -0.22±0.04
Barents Sea Land-Terminating 4,379 -2.1±0.2 -0.48±0.04

Kara Sea 9,908 -1.4±0.4 -0.14±0.04
Kara Sea Marine-Terminating 6,240 -1.1±0.3 -0.18±0.04
Kara Sea Land-Terminating 3,668 -0.2±0.2 -0.06±0.04

Table 4.2: Mass Change Rates and Average Mass Balances for NovZ: 2012-
2013/2014

Region Area Mass Change Rate Average Mass Balance
(km2) (Gt yr-1) (m w.e. yr-1)

NovZ 12,982 -5.3±1.3 -0.41±0.10
Barents Sea 7,261 -5.3±0.9 -0.73±0.13
Barents Sea Marine-Terminating 4,895 -3.3±0.7 -0.68±0.14
Barents Sea Land-Terminating 2,366 -2.0±0.5 -0.83±0.23

Kara Sea 5,721 0.0±0.7 0.00±0.13
Kara Sea Marine-Terminating 3,833 0.1±0.6 0.01±0.15
Kara Sea Land-Terminating 1,889 -0.1±0.4 -0.04±0.20

coast.

Tables 4.1, 4.2, and 4.3 give mass change rates and average mass balances

for the 1952-2013/2014 results, 2012-2013/2014 results, and the 1952-2013/2014

results over the same area as the 2012-2013/2014 results, respectively. Average

Table 4.3: Mass Change Rates and Average Mass Balances for NovZ: 1952-
2013/2014 Results Over Common Area

Region Area Mass Change Rate Average Mass Balance
(km2) (Gt yr-1) (m w.e. yr-1)

NovZ 12,982 -3.1±0.5 -0.24±0.04
Barents Sea 7,261 -2.4±0.3 -0.33±0.04
Barents Sea Marine-Terminating 4,895 -1.3±0.2 -0.27±0.04
Barents Sea Land-Terminating 2,366 -1.0±0.1 -0.44±0.05

Kara Sea 5,721 -0.7±0.2 -0.13±0.04
Kara Sea Marine-Terminating 3,833 -0.5±0.2 -0.14±0.04
Kara Sea Land-Terminating 1,889 -0.2±0.1 -0.10±0.05
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mass loss for the NovZ Icefield increased from -0.24±0.04 m w.e. yr-1 (-5.0±0.8

Gt yr-1 over 21,277 km2) for 1952-2013/2014 to -0.41±0.10 m w.e. yr-1 (-5.3±1.3

Gt yr-1 over 12,982 km2) for 2012-2013/2014. The average mass loss for 1952-

2013/2014 over the area of the 2012-2013/2014 results is the same as for the

total area of the 1952-2013/2014 results, -0.24±0.04 m w.e. yr-1. Extrapolating

the 2012-2013/2014 mass loss rate based on hypsometry (multiplying the aver-

age dh
dt by the median 2012-2013/2014 area for 10 m elevation bins, similar to the

method of Moholdt et al. 2012a) for the full icefield area (22,100 km2) produces a

mass change rate of -7.1 Gt yr-1. This is a lower mass loss rate than the elevation-

interpolated 2012-2013/2014 rate over the area of the 1952-2013/2014 results (-

8.2 Gt yr-1) due to around 900 km2 of missing area at higher elevations in the

1952-2013/2014 results, which have more positive dh
dt in the 2012-2013/2014 re-

sults. The same method yields a 1952-2013/2014 mass change rate of -5.1 Gt

yr-1 for the full icefield area. Moholdt et al. (2012a) found mass change rates of

-4.1±2.9 Gt yr-1 (GRACE, 2003-2010), -5.8±3.0 Gt yr-1 (GRACE, 2004-2009) and

-7.6±1.2 Gt yr-1 (ICESat 2004-2009) (rates adjusted for full 22,100 km2 of NovZ).

Glaciers along the Barents Sea Coast account for all of the increase in thin-

ning (tables 4.1, 4.2), specifically elevations below 600 m (figure 4.7, panels “a”

and “b”). Average mass loss at glaciers along the Kara Sea coast is moderately

lower from 2012-2013/2014 than 1952-2013/2014 (tables 4.1, 4.2), with more

thinning at elevations below 300 m and less thinning/greater thickening above

300 m (figure 4.7, panels “c” and “d”).

Separating marine- and land-terminating dh
dt for the Barents Sea coast reveals

that most of the change in this region is accounted for by marine-terminating

glaciers (tables 4.1 and 4.2), with a large increase in thinning at lower eleva-
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Figure 4.7: dh
dt by elevation, separated by region and glacier type. The left
column (panels “a”, “c” and “d”) shows the 1952-2013/2014 Car-
tographic/WorldView results. The right column (panels “b”,
“d” and “f”) shows both the 2003-2013/2014 ICESat/WorldView
(blue, green triangles) and 2012-2013/2014 WorldView dh

dt (red, or-
ange squares). 2012-2014 hypsometry from WorldView DEMs for
glaciers along the Barents Sea and the Kara Sea coasts is shown in
figure B.13.
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tions (figure 4.7, panels “c” and “d”). The other notable difference is the rapid

transition from thinning to thickening from 450 m to 600 m for Barents marine-

terminating glaciers in the 1952-2013/2014 dh
dt . This elevation range is domi-

nated in the 1952-2013/2014 results by the positive dh
dt on the northern ice cap

(figure 4.6), which has an elevation range of about 450 to 600 m according to the

1952 cartographic DEM.

Marine-terminating glaciers along the Kara Sea coast also account for most

of the difference between the 2012-2013/2014 and 1952-2013/2014 results in that

region (tables 4.1 and 4.2). These glaciers are thinning more below 300 m, and

are thinning less or thickening more at higher elevations (figure 4.7, panels “e”

and “f”). 1952-2013/2014 and 2012-2013/2014 dh
dt for land-terminating glaciers

along the Kara Sea coast show less change, with the more recent results thick-

ening slightly more above 600 m.

The glacier that most stands out when comparing the 1952-2013/2014 and

2012-2013/2014 maps of dh
dt is INO. INO undergoes a shift from an average mass

balance of essentially zero between 1952 and 2013 to the highest thinning rate of

any glacier on the NovZ Icefield for which our 2012-2013/2014 results cover at

least 200 km2. The average mass balance for INO from 1952 to 2013 is 0.06±0.06

m w.e. yr-1 for the entire area of the glacier (666 km2). The average mass balance

for INO from 2012 to 2013 is -1.46±0.38 m w.e. yr-1 for 84% of the glacier area

(the 1952 to 2013 average mass balance for the same area is -0.13±0.06 m w.e.

yr-1).

Mass loss at VIS also rises, although the increase is not as pronounced as

at INO. VIS has a 1952 to 2014 average mass balance of -0.68±0.06 m w.e. yr-1

over the entire glacier area (385 km2). The 2012-2014 average mass balance is
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Figure 4.8: Maps of dh
dt at ICESat points. Panel “a” shows 2003-2013/2014 dh

dt cal-
culated using ICESat and WorldView elevations. Panel “b” shows
2012-2013/2014 dh

dt calculated using only WorldView DEMs at ICE-
Sat points. Panel “c” shows 2000-2013/2014 dh

dt calculated using
only ASTER and WorldView DEMs at ICESat points.

-1.07±0.36 m w.e. yr-1 for 97% of the glacier area. The 1952-2014 rate for the

same area is the same as the 1952-2014 rate for the entire glacier.

4.3.3 Validation of 2012-2013/2014 dh
dt with 2003-2013/2014 ICE-

Sat dh
dt

The 2012-2013/2014 dh
dt obtained using only the WorldView DEMs provide much

better spatial coverage than ICESat, but could be dismissed as anomalous or er-
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roneous due to the short time period covered. We calculate 2003-2013/2014

dh
dt using ICESat and WorldView DEMs (figure 4.8, panel “a”) to determine

whether our 2012-2013/2014 mass loss rates are significantly greater than the

past decade.

Figure 4.7 (panels “b”, “d” and “f”) shows the 2003-2013/2014 ICE-

Sat/WorldView dh
dt in blue and green. The 2003-2013/2014 dh

dt reflect the same

trend toward greater thinning as the 2012-2013/2014 dh
dt (compare figure 4.7,

panels “a”, “c” and “e” with panels “b”, “d” and “f”). We estimate the total

mass loss for NovZ from the 2003-2013/2014 ICESat/WorldView dh
dt by multi-

plying the average dh
dt at 10 m elevation intervals by the full area at that eleva-

tion, finding a mass change rate of -12.1 Gt yr-1. Both the total estimated mass

change and elevation distribution of dh
dt obtained using ICESat and WorldView

data suggest that the 2012-2013/2014 dh
dt do not represent an anomalous 1-2 years

of mass loss.

4.3.4 Comparison of ASTER/WorldView Elevation Change

Rates With 2012-2013/2014 Results

We calculate dh
dt by applying a weighted linear regression to ASTER and World-

View DEMs to obtain more evidence that bares on the question of whether our

2012-2013/2014 results represent an anomalous one- to two-year trend, or reflect

a sustained increase in thinning rates over the past decade. The advantage of

ASTER DEMs over ICESat is more comprehensive spatial coverage. The disad-

vantage is that uncertainties on ASTER DEMs are around an order of magnitude

higher than those of ICESat and the WorldView DEMs, and they tend to have
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erroneously high elevations in areas with uniform cover, i.e. snow, which is

the predominate surface cover in the accumulation zone of most icefields (e.g.,

Melkonian et al., 2013, 2014). These factors mean that dh
dt obtained using ASTER

are most reliable in areas with exposed ice, which are generally at lower eleva-

tions and have higher thinning rates, and are least reliable in the accumulation

zone. Nonetheless, ASTER DEMs do contain useful data, and if we do not ob-

serve increased thinning over the long-term average in the ASTER/WorldView

dh
dt where we find the highest thinning rates in our 2012-2013/2014 results, it

brings into question whether the 2012-2013/2014 results represent a sustained

increase in thinning. The methodology of calculating dh
dt from WorldView and

ASTER DEMs and further limitations are detailed in the supplemental informa-

tion.

A map of dh
dt calculated using ASTER and WorldView elevations is shown

in figure 4.9. To reiterate, in the context of dh
dt , ASTER elevations are at their

most reliable in areas of high thinning. This can be seen in figure 4.10, which

shows ASTER and WorldView elevations for selected points over INO, as well

as ASTER/WorldView and WorldView-only dh
dt for each of the selected points.

The map of dh
dt in figure 4.9 shows a pattern that matches the 2012-2013/2014 re-

sults where the two overlap. One can clearly discern the distinct pattern of thin-

ning at INO, as well as high thinning at the front of many outlet glaciers. This

demonstrates that the negative deviation of -20 m yr-1 allowed below 300 m is

not significantly biased by random negative outliers. These ASTER/WorldView

dh
dt are further evidence that the higher thinning rates we observe in our 2012-

2013/2014 results are not transient, and represent a conservative estimate of the

increase in mass loss over the 1952-2013/2014 rate at NovZ.
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Figure 4.9: dh
dt covering 18,723 km2 from ASTER and WorldView DEMs ac-
quired between 06/13/2000 and 04/05/2014. Average mass loss
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Figure 4.10: Plots of ASTER and WorldView elevations for ten points along In-
ostrantseva Glacier. Blue lines indicate regression using World-
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4.3.5 Sea Surface Temperatures (SSTs)

Figure 4.11 shows maps of average seasonal SSTs around NovZ for 2006-

2014 from data produced by the GODAE High Resolution SST Pilot Project

(GHRSST-PP; Stark et al., 2007). Average summer (July, August, September)

temperatures range from 5 to over 7.5◦C, with temperatures increasing from

north to south. SSTs off the Barents Sea coast are consistently higher than those

off the Kara Sea coast, with the difference increasing north to south from around

0.5 degrees C offshore of INO to between 1-2 degrees offshore of the southern-

most glaciers.

4.4 Discussion

4.4.1 Dynamic Versus Climatic Mass Loss

Our results show evidence of both dynamic- and climate-related mass loss

at NovZ. Higher thinning from 2012-2013/2014 at the lower elevations of

tidewater-terminating glaciers along both the Barents and Kara Sea coasts, as

well as a closer examination of INO and VIS, establishes the role of ice dynam-

ics in recent mass loss for these areas. Tidewater-terminating glaciers along the

Barents Sea coast have higher thinning rates than glaciers along the Kara Sea

coast, which we would expect given the higher front speeds we find there (fig-

ure 4.3).

The impact of climate can be found at elevations below 700 m for land-

terminating glaciers along the Barents Sea coast, where average thinning rates
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Figure 4.11: Average seasonal SSTs from 2006-2014 adjacent to NovZ, gener-
ated from data produced by the GHRSST-PP (Stark et al., 2007).
Water off the Barents Sea coast is warmer than the Kara Sea coast
for all seasons, with the difference increasing from north to south.
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are up to -2 m yr-1 higher for 2012-2013/2014 than 1952-2013/2014 (figure

4.7, panels “c” and “d”). Arkhangelskolgu Glacier (ARK), a land-terminating

glacier along the Barents Sea coast, is a good example of this. Average mass

loss there increased from -0.43±0.07 m w.e. yr-1 for 1952-2014 to -0.88±0.26

m w.e. yr-1 for 2012-2014. The pattern of dh
dt and velocities at ARK does not

bear the same mark of dynamic influence as the adjacent tidewater-terminating

Krivosheina Glacier (KRI), which has higher front speeds (figure 4.3), thinning

(figure B.7) and retreat (84.34 m yr-1 from 1992-2010 at KRI versus 0-10 m yr-1 at

ARK; Carr et al., 2014).

4.4.2 Validation and Comparison of 2012-2013/2014 dh
dt with

2003-2013/2014 ICESat dh
dt

We compare 2012-2013/2014 dh
dt with 2003-2013/2014 rates from ICE-

Sat/WorldView according to region, glacier type and elevation in order to put

the 2012-2013/2014 dh
dt into context. Figure 4.7 (panels “b”, “d” and “f”) shows

the 2003-2013/2014 ICESat/WorldView dh
dt in blue and green.

Rates for the Barents Sea region are similar except at lower elevations, where

thinning is slightly higher at land-terminating glaciers in the 2003-2013/2014

dh
dt and slightly higher at marine-terminating glaciers in the 2012-2013/2014 dh

dt

(figure 4.7, panel “d”). The most noticeable difference is at elevations above

roughly 300 m for marine-terminating glaciers along the Kara Sea Coast, where

thinning rates are higher for the 2003-2013/2014 ICESat/WorldView dh
dt (figure

4.7, panel “f”).
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We examine marine-terminating glaciers along the Barents Sea coast first,

to see if there is evidence to support our finding of slightly higher thinning

at lower elevations between 2012-2013/2014. Carr et al. (2014) found that this

category of glaciers had the highest retreat rates at NovZ from 2000-2010, so

one would not be surprised to find that the highest thinning rates are at the

lower elevations of these glaciers. Carr et al. (2014) also found that retreat at

marine-terminating glaciers along the Barents Sea coast was accelerating from

2000-2010, exemplified by INO, where the majority of change in front position

occurred after 2008. Accelerating retreat would lead us to expect that more

recent thinning rates would be higher, and so support our finding of some-

what higher thinning from 2012-2013/2014. Also, ICESat tracks do not fully

cover the smaller areas at the lower elevations of NovZ (Carr et al., 2014), miss-

ing much of the thinning at INO, for example (see panel “a” of figure 4.8).

This likely accounts for most of the small difference in thinning at lower ele-

vations between the ICESat/WorldView and WorldView-only rates for marine-

terminating glaciers along the Barents Sea coast.

The more substantial difference between the 2003-2013/2014 ICE-

Sat/WorldView dh
dt and 2012-2013/2014 WorldView-only dh

dt , at elevations above

300 m for glaciers along the Kara Sea coast, is more difficult to reconcile. We

found no clear evidence to suggest that 2012-2013/2014 would have signifi-

cantly greater thickening at the higher elevations of these glaciers than 2003-

2013/2014. Also, just as it is difficult to fully capture thinning at the lower ele-

vations of NovZ using ICESat, higher elevations are often the most problematic

for optically-derived DEMs due to uniform cover such as snow. If we assume

that the 2003-2013/2014 ICESat/WorldView results are a more accurate repre-

sentation of the dh
dt at the higher elevations of land-terminating glaciers along the
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Kara Sea coast, then the 2012-2013/2014 results are underestimating mass loss

at NovZ.

Therefore, the 2012-2013/2014 estimated mass change rate of -5.3±1.3 Gt yr-1

(-7.1 Gt yr-1 for the entire icefield based on hypsometry) most likely represents a

conservative estimate of current mass loss at NovZ based on our comparison by

region, glacier type and elevation with the 2003-2013/2014 ICESat/WorldView

dh
dt .

4.4.3 Regional Thinning Patterns and Sea Surface Tempera-

tures (SSTs)

Several studies have examined the association between SSTs and glacier pro-

cesses at NovZ (e.g., Zeeberg and Forman, 2001; Carr et al., 2014). SSTs are

strongly connected to sea-ice extent, with higher SSTs causing more sea-ice melt,

which in turn leads to higher SSTs (e.g., Carr et al., 2014). Sea-ice extent exerts

a strong control on calving rates, with high concentrations of sea-ice inhibit-

ing calving and the breakup of sea-ice allowing increased calving (e.g., Joughin

et al., 2008; Amundson et al., 2010). Higher SSTs also promote submarine melt-

ing where they are indicative of higher temperatures at water depths extending

down to the base of the glacier front. Carr et al. (2014) suggest that the rela-

tively shallow fjord depths at NovZ (100-200 meters) and smaller floating front

sections of NovZ glaciers (indicated by small icebergs, < 200 m) create a greater

potential than in Greenland for submarine melting to lead to higher calving

rates (e.g., Vieli et al., 2002; Benn et al., 2007). Lower sea-ice extent and higher

SSTs both lead to greater surface melt due to increased onshore advection of la-
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tent and sensible heat (Rennermalm et al., 2009; Zhao et al., 2014), and elevated

SSTs have been associated with higher air temperatures and negative mass bal-

ances at NovZ glaciers (Zeeberg and Forman, 2001).

The correspondence of higher SSTs with higher velocities and higher thin-

ning rates at marine-terminating glaciers along the Barents Sea coast (figure

4.11) suggests that higher SSTs are contributing to dynamic thinning at these

glaciers, either directly through submarine melt or indirectly through their in-

fluence on sea-ice extent (or both). In the case of classic tidewater-cycle glaciers,

where the front is “pinned” at a terminal moraine (suggested to be the case for

INO), enhanced ablation due to warmer water can provide the initial impetus

that causes the glacier to enter the retreat phase (the suggested mechanism of

current retreat for INO; Carr et al., 2014). Higher thinning rates at all elevations

of land-terminating glaciers along the Barents Sea coast versus those along the

Kara Sea coast may also be connected to higher SSTs along the Barents Sea coast

via their affect on surface melt by influencing air temperatures on the icefield

(e.g., Zeeberg and Forman, 2001).

4.4.4 Inostrantseva Glacier (INO)

The increased thinning at INO is apparent as “channels” extending from the

front deep into the glacier basin (figure 4.6, panel “b”, figure B.8). These corre-

spond spatially to the channels of relatively higher motion revealed by mapping

the velocity of INO (figure 4.3).

Increased thinning at INO has been accompanied by a precipitous retreat of

the front in recent years (figure B.9). The front remained relatively stable from
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1986/07/26 (Landsat 5 image) to 2006/06/27 (ASTER image), retreating by 200

to 700 m. From 2006/06/27 to 2013/08/17 (Landsat 8 image), the front retreated

approximately 3 km, an average retreat rate of more than 400 m yr-1. Carr et al.

(2014) find that most of this retreat occurred sometime after 2008 (figure 6b of

Carr et al. 2014).

The timing of retreat at INO is consistent with our velocity results, which

show that acceleration occurred after 2006 (figure 4.5), leading to an increase in

the calving flux (table 4.4). The calving flux from 2002/06/24 to 2002/08/15 was

approximately 0.19-0.33±0.04 Gt yr-1. Calving fluxes from summer 2012, spring

2013 and winter 2014 are all higher, and reflect the seasonal variability of the

front velocities. The 2012/06/06 to 2012/06/20 calving flux was 0.56-0.94±0.06

Gt yr-1, decreasing to 0.31-0.51±0.05 Gt yr-1 from 2013/03/11 to 2013/04/01 and

0.27-0.44±0.05 Gt yr-1 from 2014/01/27 to 2014/02/07. The annual mass change

rate from 2012-2013 for INO was -0.82±0.23 Gt yr-1. Calving flux as a percentage

of this total varied from 67-113±8% during the summer of 2012 down to 37-

61±6% in the spring of 2013 and 33-53±6% during the winter of 2014.

The consistent timing of retreat and acceleration, with calving flux a sub-

stantial percentage of mass loss, are all evidence that the present thinning and

retreat are dynamic. This supports the hypothesis of Carr et al. (2014) that INO

has recently retreated from a pinning point, entering the retreat phase of the

TWG cycle.
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Table 4.4: Flux for INO and VIS

Glacier Season Lower-bound
Flux

Upper-bound
Flux

Percentage of
2012-2013/2014
Mass Change

(Gt yr-1) (Gt yr-1) %

INO
Summer
(2002/06/24-
2002/08/15)

0.19±0.04 0.33±0.04

INO
Summer
(2012/06/06-
2012/06/20)

0.56±0.06 0.94±0.06 67-113

INO
Winter/Spring
(2013/03/11-
2013/04/01)

0.31±0.05 0.51±0.05 37-61

INO
Winter
(2014/01/27-
2014/02/07)

0.27±0.05 0.44±0.05 33-53

VIS
Spring
(2001/04/16-
2001/06/12)

0.10±0.01 0.16±0.01

VIS
Summer
(2001/06/19-
2001/08/08)

0.24±0.02 0.40±0.02

VIS
Spring
(2013/04/01-
2013/04/27)

0.11±0.01 0.18±0.01 27-45

VIS
Summer
(2013/07/07-
2013/08/01)

0.27±0.03 0.45±0.03 68-113

4.4.5 Vilkitskogo North Glacier (VIS)

We examine our dh
dt and velocity results for VIS and compare them with the

retreat measurements made by Carr et al. (2014) to determine if they give a

coherent picture of the behavior there from 2000 to the present. VIS had the

highest average retreat rate from 1992 to 2010, at -190.63 m a-1 (Carr et al., 2014).

From 1992 to 2000, the retreat rate was -50 to -99 m a-1, increasing to -200 to

-249 m a-1 from 2000 to 2005 and more than -250 m a-1 from 2005 to 2010 (Carr

et al., 2014). The acceleration of the retreat rate from 2000 to 2010 is far less
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pronounced than at INO (Carr et al., 2014).

Velocity results at the front of VIS from 1999-2002 show a distinct pattern of

faster speeds on the northern part of the front and slower speeds on the south-

ern part (e.g., figure B.10). By 2006 this pattern shifts, with maximum speeds

at the center of the front (figure B.11), and is maintained through 2012 and 2013

(e.g., figure B.12). This indicates a transition from a fjord that is relatively deeper

underneath the northern part of the glacier at its advanced position in 1999

through 2002 to deeper bathymetry underneath the center-front of the glacier

at its retreated position in 2012 to 2013.

The change in the velocity pattern is reflected by a corresponding change in

the shape of the front, as shown in figure 9a of Carr et al. (2014). From 1992

to 2001/2002 the front is advanced in the north relative to the south. By 2006,

the front is no longer advanced in the north, and by 2013 the front is slightly

concave, matching the acceleration occurring at the center.

Along with the increase in average mass loss for VIS from 1952-2014 to 2012-

2014 (-0.68±0.06 to -1.07±0.36 m w.e. yr-1), the dh
dt pattern shifts to one of signif-

icantly higher thinning rates at the center-front of the glacier (figure 4.6, panel

“d”). The distribution of 2012-2014 dh
dt matches the more recent pattern of veloc-

ities at VIS (e.g., figure 4.3, panel “d”), with maximum thinning along the center

of the front corresponding to the area of maximum velocity.

The calving flux at VIS shows a strong seasonal variability as a result of the

velocities (table 4.4). During the spring of 2001 (2001/04/16 to 2001/06/12)

the calving flux at VIS was 0.10-0.16±0.01 Gt yr-1. The summer 2001 calv-

ing flux was more than twice that, at 0.24-0.40±0.02 Gt yr-1 (2001/06/19 to
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2001/08/08). The calving flux during the spring and summer of 2013 shows

the same seasonal variation. The spring 2013 flux was 0.11-0.18±0.01 Gt yr-1

(2013/04/01 to 2013/04/27), increasing to 0.27-0.45±0.03 Gt yr-1 during the

summer (2013/07/07 to 2013/08/01).

The mass change rate at VIS for 2012-2014 was 0.40±0.15 Gt yr-1, of which

calving flux accounts for 27-45±2% during the spring and 68-113±7% during

the summer, high enough to drive the thinning observed at the front and the

retreat that has occurred since 2000. Much of the retreat from 2000-2010 at VIS

occurred during the latter half of each year (figure 6a, Carr et al. 2014), which

matches well with the seasonality we observe in the calving flux. The lack of

significant inter-annual change in the flux from 2001 to 2013 is consistent with

the relatively stable retreat history of VIS from 2000 to 2010, which has been

retreating rapidly but has not experienced the acceleration of retreat and speed

that INO has.

4.5 Conclusions

Average mass loss at Novaya Zemlya (NovZ) was greater in 2012-2013/2014

than 1952-2013/2014 over the 12,983 km2 (59% of the icefield area) covered

by both periods, increasing from -0.24±0.04 m w.e. yr-1 to -0.41±0.10 m w.e.

yr-1. The average 1952-2013/2014 mass loss for 21,277 km2 (96% of the icefield

area) was 0.24±0.04 m w.e. yr-1. The largest increase in thinning rates occurs

at the front of marine-terminating glaciers along Barents Sea coast, which are

the fastest-retreating at NovZ (Carr et al., 2014) and where we find higher front

speeds than glaciers on the Kara Sea coast. The combination of relatively higher
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front speeds, higher retreat rates and higher frontal thinning suggests a dynamic

component to mass loss at these glaciers. Higher thinning from 2012-2013/2014

versus 1952-2013/2014 at land-terminating glaciers along the Barents Sea Coast

is likely due to recent warmer average temperatures (Screen and Simmonds,

2010; Moholdt et al., 2012a). A closer examination of the two fastest-retreating

glaciers at NovZ, INO and VIS (Carr et al., 2014), both marine-terminating

glaciers on the Barents Sea coast, constrains the dynamic component of mass

loss at these glaciers, revealing the impact of calving and the potential for a

rapid increase in thinning due to acceleration, exemplified by INO.

INO has undergone the largest increase in mass loss and velocity accelera-

tion of any glacier we observe on the NovZ Icefield. Average mass loss went

from -0.13±0.06 m w.e. yr-1 for 1952-2013 to -1.46±0.38 m w.e. yr-1 for 2012-2013

over 85% of the glacier area. Maximum front speeds rose by around 300%, from

less than 3 m day-1 in the summer of 2002 and early summer of 2006 to over

9 m day-1 in the summer of 2012. The timing of the front acceleration matches

that of the accelerated retreat, which occurred sometime after 2008 (Carr et al.,

2014). Front acceleration has increased the calving flux, which varies seasonally

from 33-53±6% (winter 2014) to 67-113±8% (summer 2012) of the average an-

nual mass loss, driving a substantial portion of the recent retreat and thinning.

The spatial pattern of the 2012-2013 dh
dt at INO reflects the pattern of velocities,

which both show “channels” extending deep into the basin, further implying a

dynamic component to the thinning.

VIS, the other fastest-retreating glacier at NovZ, also shows evidence of

calving-influenced thinning and retreat. Inter-annual acceleration at VIS is mi-

nor compared with INO, which is consistent with its rapid but steady retreat
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rate from 2002 to 2010 (Carr et al., 2014). Velocities and calving flux at VIS are

about 100% higher during the summer than during spring, with calving flux

varying from 27-45±2% (spring 2013) to 68-113±7% (summer 2013) of the total

2012-2014 mass loss. The contrast in the pattern of 1952-2014 versus 2012-2014

dh
dt at VIS reveals the impact of dynamic thinning around the current front of the

glacier, where one would expect it to have the most influence (e.g., Carr et al.,

2014). Both our results and those of Carr et al. (2014), who find that most retreat

at VIS from 2000-2010 occurred during the latter half of each year, are consistent

with dynamically-driven retreat at VIS.

Analysis of SSTs from 2006-2014 suggests they play a role in regional differ-

ences in front velocities and thinning between Barents Sea coast and Kara Sea

coast glaciers (e.g., Carr et al., 2014). SSTs along the Barents Sea coast consis-

tently higher than those along the Kara Sea coast, especially during the summer

and fall. Higher SSTs along the Barents Sea coast might cause greater subma-

rine melting at marine-terminating glaciers there, which could lead to higher

velocities and increased calving rates (e.g., Joughin et al., 2008; Carr et al., 2014).

Lower sea-ice extent along the Barents Sea coast as a result of feedback with the

higher SSTs there might also be contributing to greater front velocities and calv-

ing rates (Carr et al., 2014). Greater thinning at land-terminating glaciers along

the Barents Sea coast may also be influenced by higher SSTs there, through their

impact on air temperature and consequently melt (e.g., Zeeberg and Forman,

2001; Zhao et al., 2014).
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CHAPTER 5

COMPARING ICEFIELDS
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The first section of this chapter compares mass loss and velocity results at the

CDI and NovZ with our studies of the Juneau Icefield (JIF) and Stikine Icefield

(Stikine). The recent area-averaged thinning rate is highest at the CDI (-1.5±0.6

m w.e. yr-1, 2000-2011), followed by Stikine (-0.6±0.2 m w.e. yr-1, 2000-2014) and

NovZ (-0.24±0.04, 1952-2013/2014 and -0.41±0.10 m w.e. yr-1, 2012-2013/2014).

The JIF stands out with a substantially lower thinning rate than the other ice-

fields (-0.13±0.12 m w.e. yr-1, 2000-2009/2013), despite being adjacent to Stikine

and substantially warmer than NovZ. This suggests that the direct effects of

climate (e.g., surface melt) only account for part of the difference in thinning

between the four icefields.

Comparing dh
dt versus elevation with the hypsometry, or the area at each el-

evation, for each icefield, reveals that much of the area of the CDI and NovZ



lies at lower elevations than the JIF or Stikine, where temperatures are warmer

and thinning rates higher. Velocity maps show that the fastest-thinning marine-

terminating glaciers at the CDI, NovZ and Stikine have substantially higher

front velocities than the outlet glaciers on the JIF. These icefields also have a

far higher proportion of marine-terminating glaciers, with the JIF having no

glaciers that currently calve into tidewater. The dh
dt and velocity results show

that the low mass loss rate at the JIF relative to the other icefields can be at-

tributed, in part, to hypsometry and the lack of dynamic mass loss at the JIF.

The second section of this chapter examines three of the largest marine-

terminating glaciers at Stikine, comparing our velocity results and retreat from

the 1980s to 2014 with past (up to 2000) and present (2000-2014) thinning at

each glacier. We find that velocity changes and retreat are consistent with the

estimated changes in thinning for each glacier, but additional measurements

of ice depths and fjord bathymetry are required to constrain the calving fluxes

through time.



5.1 Summary of Mass Loss for Alaska, the Russian High Arctic,

and Patagonia

Alaskan glaciers, considered as one group, are currently the largest single con-

tributor to eustatic SLR outside of the icesheets (e.g., Gardner et al., 2013; Arendt

et al., 2013), and many studies have analyzed mass loss for Alaskan Glaciers us-

ing a variety of different methods. Arendt et al. (2002) use repeat airborne laser

altimetry to estimate an average mass loss rate for all Alaskan glaciers (∼90,000

km2) of -0.5±0.1 m w.e. yr-1 from the mid-1950s to mid-1990s and -1.6±0.6 m w.e.

yr-1 from 1995 to 2000/2001. Larsen et al. (2007) measured elevation change at

Gulf of Alaska glaciers (14,580 km2, 17% of glaciated area in all of Alaska, e.g.,

Gardner et al., 2013) using DEM-differencing and found an average thinning

rate there of -1.0±0.3 m w.e. yr-1 for 1948/1987-2000. Berthier et al. (2010) also

used DEM-differencing to measure 1950/1960s-2000s dh
dt , obtaining an average

mass loss rate of approximately -0.5±0.1 m w.e. yr-1 for approximately the same

area as Arendt et al. (2002), as well as a similar result to Larsen et al. (2007)

over the common area between the two studies. Gardner et al. (2013) provide a

2003-2009 mass loss rate from GRACE of -50±17 Gt yr, equivalent to -0.6±0.2 m

w.e. yr-1 of thinning over 87,100 km2 of glaciated area. The more recent study

by Arendt et al. (2013) using GRACE finds 2003-2009 mass loss of -61±11 Gt yr-1

over 82,505 km2 of glaciated area in Alaska, equivalent to an average mass loss

rate of -0.7±0.1 m w.e. yr-1. Despite previous overestimates of their contribution

(e.g., Arendt et al., 2002), there is a consensus that their current and future mass

loss will be a substantial portion of the glacier contribution to SLR (e.g., Gardner

et al., 2013; Church et al., 2013; Radić et al., 2014).
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The Russian High Arctic has not been as extensively analyzed as Alaska,

but several studies have examined mass loss there. Moholdt et al. (2012a) use

GRACE mascon solutions and repeat ICESat tracks to estimate a 2003 to 2009

mass loss rate of -9.1±2.0 Gt yr-1 for the Russian High Arctic, dominated by

the contribution from NovZ (-7.1±1.2 Gt yr-1). These are equivalent to average

mass loss rates of -0.18±0.04 m w.e. yr-1 for the RHA and -0.32±0.05 m w.e. yr-1

for NovZ. We find that the 2012-2013/2014 average mass loss rate for NovZ

is very likely higher, -0.41±0.10 m w.e. yr-1, partly due to the post-2006/2008

acceleration, retreat and thinning of INO.

Despite the relatively low current contribution of the Russian High Arctic to

SLR (e.g., Moholdt et al., 2012a; Gardner et al., 2013), it is expected to contribute

more than Alaska to SLR through 2100, despite its significantly smaller glaciated

area (51,600 km2 in the RHA versus 89,100 km2 in Alaska, e.g., Gardner et al.,

2013; Radić et al., 2014). Radić et al. (2014) predict a 2006 to 2100 contribution of

20±8 to 28±8 mm to SLR from the RHA, versus 18±7 to 25±7 mm from Alaska.

The Patagonian icefields cover a significantly smaller area than either Alaska

or the RHA (approximately 18-19,000 km2, e.g., Rignot et al., 2003; Willis et al.,

2012a,b; Melkonian et al., 2013), but have the highest average thinning rate of

all three regions, -1.6±0.2 m w.e. yr-1 (Willis et al., 2012a,b; Melkonian et al.,

2013). Rignot et al. (2003) use DEM-differencing to estimate mass loss of -

37.7±4.0 Gt yr-1 from 1995 to 2000 for the Northern and Southern Patagonian

Icefields, equivalent to an average mass loss rate of -2.2±0.2 m w.e. yr-1. This

estimate is updated by Willis et al. (2012a) and Willis et al. (2012b), who apply

a weighted linear regression to ASTER DEMs and the SRTM DEM to find an

average 2000-2011/2012 combined mass loss rate of -24.4±1.4 Gt yr-1, equiva-
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lent to an average mass loss rate of -1.4±0.1 m w.e. yr-1. Ivins et al. (2011) and

Jacob et al. (2012) find similar mass loss rates using GRACE for 2003-2009/2010,

-26±6 and -23±9 and Gt yr-2, respectively. The CDI, too small to be measured by

GRACE, contributes a further -3.9±1.5 Gt yr-1 3. Radić et al. (2014) predict a SLR

contribution of 6 to 8 mm from 2006 to 2100 from this region, which would be a

rate roughly equal to the present annual contribution.

Regional comparisons, however, can miss important attributes of individ-

ual icefields that are critical to understanding the different components of mass

loss, including hypsometry, ELA, and individual glacier geometry. Comparing

individual icefields will help better assess the importance of these various fac-

tors to the magnitude and pattern of mass loss at each icefield, improving our

understanding of why they are losing mass and how their contribution might

change in the future. The following section compares mass loss the Juneau Ice-

field (JIF), Stikine Icefield (Stikine), the CDI and NovZ, examining what leads

to the differences between them. It begins with an overview of mass loss at the

JIF and Stikine, two icefields in the Coast Mountains of southeast Alaska that

have high ablation and accumulation rates, leading to large mass turnover (e.g.,

Arendt et al., 2002; Luthcke et al., 2008; Truffer et al., 2009).

5.1.1 The Juneau Icefield (JIF) and Stikine Icefield

The Juneau Icefield (JIF) is a 3,830 km2 temperate icefield in southeast Alaska

(figure 1.4), extending from 58.3◦N to 59.7◦N (GLIMS, 2014). The JIF consists

primarily of land- and lake-terminating glaciers, with the largest glacier, Taku

(775 km2, e.g., Melkonian et al., 2014), classified as marine-terminating (Larsen
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et al., 2007).

However, Taku Glacier has excavated a terminal moraine that prevents it

from calving into the Taku Inlet, and is considered to be in the advance phase

of the TWG cycle (e.g., Nolan et al., 1995; Motyka and Beget, 1996; Larsen et al.,

2007; Truffer et al., 2009). Taku Glacier had a positive mass balance for most

of the latter half of the 20th century (+0.4 m -1, Pelto et al., 2013) and is unique

among glaciers in Alaska in the amount of thickening and advance it has un-

dergone (e.g., Motyka and Echelmeyer, 2003; Larsen et al., 2007). Taku Glacier

has also had a high AAR from 1946 to the present, around 0.8 to 0.9 (e.g., Post

and Motyka, 1995; Pelto et al., 2013), helping sustain the positive mass balance

(e.g., Pelto et al., 2013). Due to its high AAR, recent positive mass balance and

currently being in the advance phase of the TWG cycle, Taku is out-of-sync with

the thinning occurring at the other outlet glaciers on the JIF (e.g., Motyka et al.,

2003; Larsen et al., 2007). Recent snowpit measurements, however, indicate that

Taku Glacier now has a negative mass balance. Pelto et al. (2013) estimate 2000

to 2010 mass loss at Taku Glacier of -0.04 m yr-1, although these measurements

are sparse and do not sample the trunk or front of the glacier.

The same weighted linear regression technique as CDI and NovZ (chapters 3

and 4) is applied to 75 ASTER DEMs and the SRTM over the JIF (figure 5.1), giv-

ing a 2000-2009/2013 mass loss rate of -0.13±0.12 m w.e. yr-1 (Melkonian et al.,

2014), which is a significantly lower thinning rate than Alaska as a whole. This

is also lower than the -0.53±0.15 m w.e. yr-1 of thinning found by Berthier et al.

(2010) for the JIF specifically from 1964-2006, although their lack of coverage

over Taku Glacier likely contributes somewhat to their higher thinning rate.

At Taku Glacier, our estimate of the average mass balance is significantly
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more positive (+0.44±0.15 m w.e. yr-1 from 2000-2010) than the estimate from

snowpits made by Pelto et al. (2013), although it is quite close to the 1948-2000

rate for Taku found by Larsen et al. (2007, figure 8) using DEM-differencing.

There are several factors that likely contribute to the disparity between the rate

found here and other studies (Arendt et al., 2002; Larsen et al., 2007; Berthier

et al., 2010; Arendt et al., 2013; Pelto et al., 2013). The lack of sampling in the ab-

lation zone of Taku Glacier by Pelto et al. (2013), where imagery confirms thick-

ening, likely accounts for some of the difference between their average mass

balance estimate for Taku Glacier and ours. Also, mass change during different

periods between 1948 and 2013 can vary considerably. Comparing figures 2 and

7a in Larsen et al. (2007) makes this apparent. The western side of the JIF, where

the earlier DEM is from 1948 (figure 2, Larsen et al., 2007), has a very similar

pattern and magnitude of dh
dt to ours, resulting in an average mass balance for

Taku Glacier that is around +0.4 m w.e. yr-1 (similar to our average mass balance

for Taku Glacier of +0.44±0.15 m w.e. yr-1). The eastern side, where the earlier

DEMs are from 1982 and 1987, shows significantly greater thinning at higher

elevations. This suggests that the 1980s-2000 were a period of higher thinning

than 1948-2000, or that the eastern side of the icefield has higher thinning at

high elevations than the western side, or perhaps both.

We apply our technique using similar parameters to another Alaskan ice-

field in the same region, Stikine (figure 5.2), providing updated dh
dt there, as

well as another icefield to compare with other studies of mass loss in Alaska.

The glaciated area of Stikine covers 5,800 km2 in the Coast Mountains, extend-

ing ∼180 km south from the southern tip of the JIF (56.75◦N to 58.5◦N GLIMS,

2014). Stikine has a roughly a similar pattern and amount of precipitation but

a higher proportion of tidewater-terminating glaciers (Larsen et al., 2007). An
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anomalously positive rate at Stikine, while possible given different time periods,

would suggest our technique has a positive bias. A weighted linear regression

applied to 53 ASTER DEMs and the SRTM DEM produce an average mass loss

rate of -0.6±0.2 m w.e. yr-1 for the Stikine Icefield from 2000-2014. We account

for uncertainty from the regression, penetration, desnity and deviation allowed

from the reference elevation (uncertainty due to the ELA is negligible), see ap-

pendix C. Our rate is comparable to the overall Alaska rate found by Arendt

et al. (2013) for 2003-2009, as well as the regional rate found by Berthier et al.

(2010), although it is less than the 1948/1961/1982-2000 average mass loss rate

of -1.3 m w.e. yr-1 found by Larsen et al. (2007) for Stikine.

While mass change rates from different time periods are likely not the same,

the rates we obtain for Stikine give us confidence that the technique applied in

Melkonian et al. (2014) does not produce erroneously positive dh
dt . Also, Gard-

ner et al. (2013) note that some earlier studies likely overestimate mass loss due

to sparse coverage, which is a drawback of estimates based on altimetry tracks

(e.g., Arendt et al., 2002) and point measurements of surface mass balance (e.g.,

Pelto et al., 2013). All of this suggests the rates we find for glaciers in the Alaskan

Coast range, particularly for the JIF, are correct. This still begs the question of

why mass loss rates are different between the JIF and Stikine, as well as the CDI

and NovZ. We cover some of the factors contributing to this below, beginning

with regional climate, then examining icefield-specific factors such as hypsom-

etry and surface velocities.
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5.1.2 Climate

At 54◦S to 55◦S, the CDI is at the lowest latitude of all four icefields. Mean an-

nual temperatures in the Tierra del Fuego region, where the CDI is located, are

around 5◦C (e.g., fig. 1a, Boyd et al., 2008). Temperatures on the icefield itself

are lower, with annual means of around -4◦C to 0◦C (Lenaerts et al., 2014). The

mountains, combined with prevailing weather patterns, create an orographic

effect. The south/south-west part of the icefield has a wetter, more maritime

climate, and the north/north-east side of the icefield has a drier, more continen-

tal climate (e.g., Boyd et al., 2008). There are no weather stations on the icefield,

but nearby weather stations at lower elevations record around 1 to 1.5 m yr-1

of precipitation (primarily snow) in the more maritime south and around 0.8

m w.e. yr-1 in the more continental north (e.g., Boyd et al., 2008; Koppes et al.,

2009). Atmospheric climate modeling estimates precipitation at higher eleva-

tions on the icefield of 4 to 6 m w.e. yr-1, with higher rates in the maritime south

and lower rates in the more continental north, but estimates varies considerably

depending on the approach used (e.g., Lenaerts et al., 2014).

The mean annual temperature in the area of the Coast Mountains where the

JIF and Stikine are located (from 56.75◦N to 59.7◦N) is also roughly 5◦C (e.g.,

fig. 2, Stafford et al., 2000). The weather patterns and mountains create an oro-

graphic effect similar to the CDI, with the western side of the JIF and Stikine

having a wetter, more maritime climate and the eastern side having a drier,

more continental climate (e.g., Larsen et al., 2007). The Juneau International

Airport weather station, on the maritime western side of the JIF, recorded av-

erage snowfall of around 2 to 2.3 m yr-1 between 2000 and 2013 (e.g. Luthcke

et al., 2008; Melkonian et al., 2014). Snowfall on the icefield is greater, with
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mean annual rates decreasing roughly west to east from 4 to 7 m w.e. yr-1 on

the western, maritime side to around 1.5 m w.e. yr-1 for the more continental cli-

mate inland (e.g., Larsen et al., 2007). The amount of resulting accumulation can

vary greatly depending on the year and location. Snowpit measurements made

near the headwall of Mendenhall Glacier on the JIF, at around 1500 to 1800 m

elevation, find accumulation varying from 1.6 m w.e. in 1998 to 5.1 m w.e. in

2000, and at least 4.0 m w.e. in 1999 (Motyka et al., 2003).

The RHA is significantly colder and drier than either the Alaskan or Patag-

onian glaciers. Average annual temperatures at NovZ between 1955-1998 range

from -5◦C at the lower elevations of the glaciated area along the Barents Sea

coast to -13.3◦C in the interior of the icefield (Zeeberg and Forman, 2001). Aver-

age annual precipitation at sea level from 1955 to 1998 at two sites along the Bar-

ents Sea coast varied from 0.40 m south of the glaciated area to 0.33 m between

VIS and INO (Zeeberg and Forman, 2001). Precipitation increases by about 0.06

to 0.07 m per 100 m elevation, reaching about 0.8 m of annual precipitation at

the ice divide of Shokal‘ski Glacier (760 m a.s.l., Zeeberg and Forman, 2001).

Temperature decreases with altitude by about 0.5 to 0.7◦C per 100 m, about the

same as the adiabatic lapse rate of 0.6◦C per 100 m (Zeeberg and Forman, 2001).

Regional climate conditions explain some of the difference between the aver-

age mass balance measurements for the four icefields. The CDI has the highest

average thinning at -1.5±0.6 m w.e. yr-1, which is consistent with it being at the

lowest latitude of all four icefields. Stikine has a higher average mass loss rate

(-0.6±0.2 m w.e. yr-1) than NovZ (-0.24±0.04 m w.e. yr-1 from 1952 to 2013/2014,

-0.41±0.10 m w.e. yr-1 from 2012 to 2013/2014). Again, the much lower latitude

and higher temperatures at Stikine likely contribute to higher average thinning,
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although the relative lack of precipitation at Novaya Zemlya would offset some-

what the higher ablation rates at Stikine. The anomaly among the four icefields

is the JIF, which has the lowest average mass loss rate, -0.13±0.12 m w.e. yr-1. Cli-

mate cannot fully account for the difference between the JIF and Stikine, which

is also in the Coast Mountains, and NovZ, which has higher average thinning

despite being much farther north. Comparing the dh
dt results with the hypsome-

try of each icefield provides insight into these apparent discrepancies.

5.1.3 Hypsometry

The hypsometry and average dh
dt by elevation for the CDI, NovZ, JIF and Stikine

are presented in figures 5.3 and 5.4, respectively.

Figure 5.4 (NovZ in panel “a”, JIF in panel “b”) shows that average thinning

by elevation is actually less at NovZ than the JIF for elevations common to both

icefields, consistent with lower average temperatures at NovZ. However, the

overall average mass loss rate at NovZ is higher. Figure 5.3 reveals one factor

that contributes to this, which is that NovZ lies almost entirely below 1000 m

elevation (panel “a”), whereas the glaciated area of the JIF is concentrated at

1000 to 2000 m elevation (panel “c”). At these elevations on the JIF, the average

dh
dt ranges from -0.4 to around +0.7 m yr-1, resulting in a lower overall thinning

rate than NovZ, where dh
dt are -1.6 to 0 m yr-1 for a majority of the glaciated area.

Average thinning by elevation at CDI (figure 5.4, panel “b”) is slightly less

than Stikine and similar to the JIF above 300 m, but the glaciated area of CDI is

concentrated from 300 to 1200 m elevation(figure 5.3, panel “b”), versus 1000 to

2000 m for Stikine. The combination of relatively high thinning rates and con-
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Figure 5.3: Hypsometry (area by elevation) for NovZ (panel “a”), the CDI
(panel “b”), the JIF (panel “c”) and Stikine (panel “d”).

centration of glaciated are at lower elevations results in CDI having the highest

overall thinning rate of all four icefields.

Stikine, however, is adjacent to the JIF, and has a substantially greater aver-

age thinning rate. The difference in overall thinning cannot be explained by a

significant difference in hypsometry, as the glaciated area of Stikine is concen-

trated in the same 1000 to 2000 m elevation range as the JIF (figure 5.3, panel
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Figure 5.4: dh
dt by elevation for NovZ (panel “a”), the CDI (panel “b”), the JIF
(panel “c”) and Stikine (panel “d”).

“d”). Figure 5.4 shows that average thinning rates by elevation at Stikine (panel

“d”) are greater than JIF (panel “c”) for every elevation, with larger differences

at lower elevations. While Stikine is directly to the south of the JIF, it is unlikely

that the consequent marginally higher temperatures fully account for the large

difference in thinning by elevation. Comparing the velocities at outlet glaciers

between the two icefields (figures 5.5 and 5.7) suggests that greater calving flux

contributes to the higher mass loss by elevation at Stikine, particularly at lower

altitudes.
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5.1.4 Velocities and Dynamic Mass Loss

Figure 5.5 shows glacier speeds for Stikine from a 2014/05/09 to 2014/05/25

Landsat 8 pair. Figure 5.6 shows transects of velocities near the front of four

tidewater-terminating glaciers on Stikine, LeConte, Dawes, North Sawyer and

South Sawyer, where speeds reach 3 to 8 m day-1 between 2000 and 2014. These

four glaciers cover a combined area of 1762 km2, roughly 33% of Stikine’s total

glaciated area (GLIMS, 2014). The fronts of South and North Sawyer Glaciers in

particular are thinning rapidly, with peak rates of more than -20 m yr-1. Speeds

of 1 to 2 m day-1 farther back in the accumulation zone of these glaciers corre-

spond to zones of greater thinning in figure 5.2. NovZ and the CDI show a sim-

ilar correspondence between high front speeds at marine-terminating glaciers

and high thinning rates, e.g., Marinelli, CDI-08 and Darwin Glaciers on the CDI

and VIS, INO and other Barents Sea coast glaciers at NovZ.

By contrast, figure 5.7 shows that outlet glaciers on the JIF do not exceed

speeds of more than 1.5 to 2 m day-1 from 2001 to 2011, and those speeds only

occur in a relatively small area along the trunk of Taku Glacier. Figure 5.8

shows transects of front velocities at the four largest glaciers on the JIF after

Taku, Field, Gilkey, Llewellyn and Meade (all lacustrine-terminating), which to-

gether cover about 1300 km2, roughly 34% of the total glaciated area within the

JIF. The four slower-moving glaciers on the JIF would have to be several times

thicker to maintain the same calving flux as the four faster-moving glaciers at

Stikine. Without knowing the thickness at most of the outlet glaciers on ei-

ther icefield the calving flux cannot be calculated, but it is unlikely that the

lacustrine-terminating glaciers on the JIF are significantly thicker at their front

than the marine-terminating glaciers at Stikine (e.g., LeConte Glacier, which has
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a maximum thickness of 250 m near its front, O’Neel et al., 2001).

The velocity results and dh
dt maps both suggest that ice dynamics at Stikine

have a greater potential to “drain” higher elevation areas when compared with

the JIF. McNabb et al. (2014) examine “frontal ablation” (which they do not at-

tribute to any one process) by estimating flux at 27 glaciers in Alaska between

1985 and 2013, including the marine-terminating LeConte, South Saywer, North

Sawyer and Dawes glaciers. They find that frontal ablation at these glaciers

is equivalent to area-averaged thinning of 2.0±0.48, 0.89±0.21, 0.65±0.14 and

0.89±0.21 m w.e. yr-1, respectively, which demonstrates that flux is high enough

to account for mass loss at these four glaciers. The lack of marine-terminating

glaciers at the JIF (other than Taku, which is not calving) mean that velocities

and calving flux are both low, reducing the potential for dynamic mass loss.

Flux estimates at Mendenhall Glacier from 1997 to 2000 (Motyka et al., 2003)

and 2007 to 2011 (Melkonian et al., 2014) put the dynamic component of mass

loss at no more than 3 to 6% of total mass loss there.

The contrast with Stikine and the CDI, which both have a number of

tidewater-terminating glaciers, is particularly evident at lower elevations. Av-

erage dh
dt are -4.8 to -4 m yr-1 at elevations of 150 to 400 m at the CDI and Stikine

(figure 5.4, panels “b” and “d”), with maximum thinning rates reaching -20 to

-25 m yr-1 at Marinelli and South Sawyer glaciers (figures 3.11 and 5.2, respec-

tively). Tidewater-terminating glaciers such as INO and VIS at NovZ push aver-

age thinning to -4 m yr-1 at the lowest elevations (figure 5.4, panel “a”) and have

maximum thinning rates near their fronts of -20 to -30 m yr-1 (figure 4.6). At the

JIF, thinning at lower elevations is less extreme and is offset by the thickening

contribution from Taku Glacier (figure 5.4, panel “c”). Maximum thinning rates
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are around -10 m yr-1 near the front of Mendenhall and Field glaciers, signifi-

cantly less than maximum rates at the other icefields.

Retreat at three of the four tidewater-terminating glaciers on Stikine relative

to adjacent land-terminating glaciers also suggests the influence of calving flux

on mass loss, similar to the analysis by Carr et al. (2014) of retreat rates at NovZ,

although admittedly far less comprehensive. Average retreat at North Sawyer,

South Sawyer and Dawes is approximately 1.3 km between 2001/09/09 and

2014/09/14 from Landsat 8 imagery. Three adjacent land-terminating glaciers

to the south of Dawes Glacier on the western side of the icefield, North Baird,

Baird and Patterson (covering a combined area of about 700 km2; GLIMS, 2014),

retreated an average of 0.2 km over the same period (figure 5.2 shows glacier

locations).
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Figure 5.5: Glacier speeds at Stikine from a 2014/05/09 to 2014/05/25 Landsat
8 pair. The green lines show the location of the four transects in
figure 5.6.
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Figure 5.6: Transects of glacier speeds near the front of four tidewater-
terminating glaciers on the Stikine Icefield. Speeds are from pixel-
tracking applied to Landsat 7 and 8 image pairs acquired from 2000-
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Figure 5.8: Front transects of glacier speeds at four lacustrine-terminating
glaciers on the JIF. Speeds are from pixel-tracking applied to ASTER
image pairs. Figure 5.7 shows transect locations as green lines.
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5.2 Changes in Terminus Speed, Position and Thinning at

LeConte, Dawes and South Sawyer Glaciers

Higher front velocities and thinning at Stikine compared with the JIF suggests

the potential for dynamic thinning at Stikine (e.g., McNabb et al., 2014). Here we

present speeds and front positions at three of the largest tidewater-terminating

glaciers on the Stikine Icefield where we have velocity measurements up to

the front from the 1980s to 2014: LeConte, Dawes, and South Sawyer glaciers.

We examine how changes in the speeds and front positions compare with

1948/1961/1982 estimates of thinning from Larsen et al. (2007) and our 2000-

2014 dh
dt . This will help us test whether there is a role for dynamic thinning by

determining whether changes in thinning and front position through time are

consistent with what we would expect based on the changes in velocities that

we observe.

5.2.1 Speeds and Front Positions at LeConte, Dawes and South

Sawyer Glaciers from 1985/86 to 2014

LeConte Glacier

Figure 5.9 shows longitudinal profiles of speeds at LeConte Glacier between

1986-2014 (profile location shown in figure 5.10), as well as front positions for

1986 and 1999-2014. Only a few pairs capture the front due to the high velocities

there and the “bend” about 1 km upglacier (see chapter 2 for details). The glacier

speeds up both at the front and further upglacier from 1986 to 2000-2003, then
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slows down from 2003 to 2014. The 1986 to 2000-2003 acceleration is accompa-

nied by approximately 1.5 to 2 km of retreat, almost all of which occurs between

1995 and 1999 (O’Neel et al., 2001). The front does not change position during

the deceleration from 2003-2014.
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Figure 5.9: Longitudinal speed profiles and front positions at LeConte Glacier

between 1986-2014, location of profile shown as red line in figure
5.10. The front speeds up from a maximum of 14 m day-1 in 1986 to
27 m day-1 in 2003, then slows down to a maximum of 18-20 m day-1

in 2014. The front recedes 1.5-2 km from 1986 to 1999, and does not
change position from 1999 to 2014.
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Figure 5.10: Map of 1986/06/29-07/15 velocities at LeConte Glacier from a
Landsat 5 image pair, overlain on a 1986/07/15 Landsat 5 image.
Red lines show location of longitudinal profile in figure 5.9 and
transect in figure 5.6, panel “b”.

Dawes Glacier

Figure 5.11 shows longitudinal profiles of speeds at Dawes Glacier between

1985-2014 (profile location shown in figure 5.12), as well as selected front po-

sitions spanning 1985 to 2014. Dawes Glacier accelerates from a front speed of

around 13 m day-1 between 1985 and 1989 to 18-19 m day-1 in 1991 and 1992.
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The front then decelerates dramatically to 7-8 m day-1 between 1991 and 2001,

and drops to 5-6 m day between 2004 and 2014. The acceleration from 1989 to

1991 is accompanied by 0.75-1 km of retreat. The front advances by about 200 m

from 1991 to 2003 while the glacier decelerates. Dawes Glacier resumes its re-

treat after 2003, receding 1 km during the smaller deceleration at the front from

2003 to 2014.

South Sawyer Glacier

Figure 5.13 shows longitudinal profiles of speeds at South Sawyer Glacier be-

tween 1986-2014 (profile location shown in figure 5.14), as well as selected front

positions from 1985 to 2014. Front speeds at South Sawyer Glacier reach a max-

imum of 8-9 m day-1 during the 1980s, then slow down, dropping to approxi-

mately 6-7 m day-1 between 1999-2003. The front then speeds up between 2003

and 2004 while the velocity pattern shifts, and maintains a front speed of 6-7 m

day-1 from 2008 to 2014. The front maintains roughly the same position from

1985 to early 2004. A large retreat event occurs in 2004, during which the front

recedes by about 1 km, and is associated with the shift in the velocity pattern.

The front retreats another kilometer from 2004 to 2014.

5.2.2 Thinning: 1948/1961/1982 versus 2000-2014

LeConte Glacier

Larsen et al. (2007) find maximum thinning of around -6 m yr-1 from 1948-2000

near the 1999 front of LeConte Glacier, with slightly lower thinning from the
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Figure 5.11: Longitudinal speed profiles and front positions at Dawes Glacier

between 1986-2014, location of profile shown as purple line in fig-
ure 5.12. The front speeds up from a maximum of 13 m day-1 be-
tween 1985-1989 to 18-19 m day-1 in 1991 and 1992, then slows
down to 7-8 m day-1 by 1999-2000. From 2003 to 2014, the front
continues to decelerate, dropping to 5-6 m day-1. The front recedes
1 km from 1985 to 1991, and after a small advance from 1991 to
2003 retreats another kilometer from 2003 to 2014.

1999 to 1995 front, a thinning pattern typically associated with retreat. This is

consistent with the 2 km of retreat from 1995-1999 and more than 125 m of thin-

ning at the location of the 1999 front after 32 years of terminus stability (O’Neel
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Figure 5.12: Map of 1989/04/18-05/04 velocities at Dawes Glacier from a
Landsat 5 image pair, overlain on a 1989/05/04 Landsat 5 image.
Purple lines show location of longitudinal profile in figure 5.11 and
transect in figure 5.6, panel “a”.

et al., 2001). The retreat from 1995 to 1999 may be associated with the acceler-

ation we observe between 1986-2003 from within 500 m of the 1986 front to at

least 6 km upglacier (figure 5.9). Limited velocity measurements between 2 to 6

km upglacier from the 1986 front indicate that the acceleration occurred some-

time after 1993, which puts the timing of the acceleration close to the initiation

of retreat. Measurements made by O’Neel et al. (2001) confirm that the front is

faster in 1999, with terminus velocities exceeding 27 m day-1.
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Figure 5.13: Longitudinal speed profiles at South Sawyer Glacier between

1986-2014 and selected 1985-2014 front positions, location of pro-
file shown as purple line in figure 5.14. The front slows from 8-9
m day-1 in 1987 to 6-7 m day-1 from 1999 to 2003, then speeds up
to 7 m day-1 in early 2004, while the front remains relatively sta-
ble. During 2004 the velocity pattern shifts as the front retreats by
almost a kilometer, and maintains its new pattern through 2014
while retreating another kilometer.

We find thinning is lower from 2000-2014, with rates of around -1 to -2 m yr-1

near the front of LeConte Glacier. Retreat measurements are again consistent

with thinning estimates, as the front of LeConte Glacier remained stable from
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Figure 5.14: Map of 2000/05/10-05/26 velocities at South Sawyer Glacier from
Landsat 7 image pair, overlain on a 2001/10/04 Landsat 7 image.
Purple lines show location of longitudinal profile in figure 5.13 and
transect in figure 5.6, panel “d”.

1999 to 2014. Available speed measurements show deceleration at the terminus

of almost 10 m day-1 between 2003 and 2014, and speeds 3.5 to 5 km upglacier

slow down beginning in 2000 at the latest. The deceleration at the terminus is

likely associated with the lack of retreat from 1999 and 2014, as the front may

have reached a new “pinning point” by 1999. Thinning rates from 2000-2014 at
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an adjacent land-terminating glacier are as high as 1948-2000, which suggests

that the lower 2000-2014 thinning at LeConte Glacier may be related to the ob-

served changes in glacier dynamics both at the front and further upglacier. Ad-

ditional measurements of fjord bathymetry are required to determine whether

the observed retreat and acceleration are associated with recession from an un-

derwater “pinning point”.

Dawes Glacier

Thinning at Dawes Glacier is substantially lower from 2000-2007/2014 than

from 1961-2000. Our results over the front of Dawes only extend to 2007, where

we find thinning rates are only -4 to -6 m yr-1. Larsen et al. (2007) estimate 1961-

2000 thinning rates of at least -12 m yr-1 from the 1985 front to the 2000 front, the

highest found by Larsen et al. (2007) at Stikine. Over half of the 2003-2014 re-

treat occurred between 2007 and 2014, so our dh
dt may miss some of the 2000-2014

thinning at Dawes.

However, our dh
dt results extend to 2014 past the first 5 km of the longitudinal

speed profile in figure 5.11, and where we find 2000-2014 thinning rates of -

2 to -3 m yr-1 Larsen et al. (2007) find rates of -4 to -5 m day-1, matching the

inter-annual speed changes. This matches the dramatic deceleration of Dawes

Glacier from the 1990s to 2000-2014 from the front to at least 11 km upglacier,

which suggests that dynamic thinning was potentially greater from 1961-2000

than 2000-2014.
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South Sawyer Glacier

The highest 2000-2014 thinning rates we find for Stikine are near the late-2004

front of South Sawyer Glacier, where thinning reaches -18 m yr-1. This is higher

than the -4 to -6 m yr-1 of thinning found by Larsen et al. (2007) for 1961-2000

from the 1985 front upglacier to the location of the 2014 front. The increase

in thinning matches the retreat history of South Sawyer Glacier, where the front

remained relatively stable from 1985 to 2004, and then retreated 1.5 to 2 km from

2004 to 2014. The velocity pattern shifted in 2004 as the front retreated past a

bend, but the maximum terminus speed was maintained at 6-7 m day-1.

5.3 Conclusions

We find mass loss at all four of the icefields where we have applied our dh
dt calcu-

lations. Combining our dh
dt results with hypsometry reveals differences in thin-

ning by elevation that give some insight into the processes affecting each ice-

field. Stikine and the CDI have the greatest thinning at lower elevations, but

the CDI has greater thinning at higher elevations and its glaciated area is con-

centrated at lower elevations. CDI therefore has the highest average mass loss

rate of all four icefields, followed by Stikine. NovZ has lower thinning at almost

all elevations than the JIF. However, because the area of the JIF is concentrated

around 1200 to 2000 m elevation and NovZ is entirely below 1100 m, both the

long- and short-term average mass loss rates at NovZ are greater than the 2000-

2013 average mass loss rate for the JIF.

Higher thinning at the lower elevations of the CDI, Stikine and the JIF ver-
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sus NovZ is not unexpected given that average temperatures at NovZ are sub-

stantially colder (Zeeberg and Forman, 2001). However, the close proximity

and similar climates of the JIF and Stikine begs the question of why average

thinning is greater at Stikine. Velocity measurements show a greater potential

for dynamic thinning at the Stikine icefield. The JIF has only one glacier that

is “tidewater”-terminating, Taku, where a proglacial moraine prevents marine

water from accessing the front (e.g., Motyka et al., 2006). The major lacustrine-

terminating glaciers have relatively low front velocities of 0.2 to 0.8 m day-1,

which suggests limited calving and associated dynamic thinning (e.g., Melko-

nian et al., 2014). At Stikine, by contrast, four tidewater-terminating glaciers

on the western side of the icefield composing 33% of the glaciated area have

front velocities ranging from 3 to 27 m day-1, and have retreated more in the

past 14 years than adjacent land-terminating glaciers. Deceleration at two of

these glaciers, Dawes and LeConte, is associated with lower thinning rates from

2000-2014 than preceding decades (Larsen et al., 2007).

Limited knowledge of fjord bathymetry and ice depths at Stikine, as well

as NovZ and the CDI, prevents us from using our velocities to accurately es-

timate calving flux for all glaciers where we have adequate velocity measure-

ments. Additional bathymetry and ice depth measurements are necessary to

help constrain the dynamic contribution to mass loss at these icefields. Nonethe-

less, the association of velocity, thinning and retreat at Stikine suggests that dy-

namic thinning likely contributes to greater average mass loss at lower eleva-

tions there, and there is clearly dynamic thinning occurring at the CDI (chapter

3) and NovZ (chapter 4).
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APPENDIX A

SUPPLEMENTARY MATERIAL - SATELLITE-DERIVED VOLUME LOSS

RATES AND GLACIER SPEEDS FOR THE CORDILLERA DARWIN

ICEFIELD, CHILE

There are two figures showing the new north/south split as two different

figures, one with dh
dt for only the northern glaciers, one for only the southern

glaciers. There is a discussion of uncertainty due to our choice of maximum

allowed deviation on our mass change rate, with three figures that highlight

the influence of clouds on ASTER DEMs (figures A.1, A.2 and A.3). This is fol-

lowed by a brief discussion of ELA vs. AAR for Marinelli, CDI-08 and Garibaldi

glaciers, along with figures A.6, A.7 and A.8 that highlight the differences be-

tween those three glaciers.

A.1 New North/South Split

The north/south split is done only using glacier outlines (not an arbitrary line).

Figure A.4 shows the “northern” glaciers, figure A.5 shows the “southern”

glaciers.

A.2 Mass Change Rate - Uncertainty Due to Maximum Al-

lowed Deviations

We only incorporate elevations into our pixel-by-pixel regression that deviate by

less than +5 and -10/-30 (accumulation/ablation) m yr-1 from the first elevation

198



0

50

100

150

200

250

300

350

400

450

500

550

600

C
o

u
n

t

−4000 −2000 0 2000 4000

Off−Ice ASTER − SRTM (m)

Figure A.1: 15/01/2011 ASTER DEM off-ice elevations minus SRTM DEM off-
ice elevations (after vertical and horizontal coregistration of the
ASTER DEM). There is a positive ”tail”, primarily due to the pres-
ence of clouds in the optical imagery used to generate the DEM.
The mode of the distribution is approximately zero.

(from the SRTM DEM 94% of the time). The upper limit of +5 m yr-1 is based

on estimates of precipitation in this region (e.g., 4000 to 6000 m yr-1, Fernandez

et al., 2011), accounting for the fact that year-to-year thickening will be less than

precipitation due to compaction and ablation. Allowing a deviation of -30 m

yr-1 is necessary in the ablation zone to capture maximum thinning, which is

more than -25 m yr-1 over areas of Marinelli (the wiggle room accounts for the

uncertainty on individual ASTER elevations, which is 8-20 m). Restricting the

maximum negative deviation to -10 m yr-1 in the accumulation zone produces

a smooth transition in dh
dt at the ELA, indicating that we are not excluding large

areas of real thinning in the accumulation zone (i.e. there are no large areas
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Figure A.2: 15/01/2011 ASTER DEM off-ice elevations minus SRTM DEM off-
ice elevations (after vertical and horizontal coregistration of the
ASTER DEM), excluding ASTER elevations that deviate more than
±30 m yr-1 from the SRTM DEM. The positive tail is still apparent.

of thinning greater than -10 m yr-1 in the accumulation zone). This removes

splotches of incoherent, negative noise that would make our mass change rate

more negative than it should be.

Changing the maximum allowed deviations significantly alters the mass

change rate. For example, increasing the maximum allowed positive deviation

from +5 to +10 m yr-1 decreases the mass loss rate from -3.9 Gt yr-1 to -1.8 Gt

yr-1. Which is closer to the real mass change rate, and how do we account for

the uncertainty due to our choice of maximum allowed deviation? Because we

do not know the actual mass change rate, we cannot test different deviations

against it.
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Figure A.3: 15/01/2011 ASTER DEM ice elevations minus SRTM DEM ice el-
evations (after vertical and horizontal coregistration of the ASTER
DEM), excluding ASTER elevations that deviate more than ±30 m
yr-1 from the SRTM DEM. The positive tail is still apparent.

We cannot assume the ice has a dh
dt of 0 m yr-1, so we cannot apply the maxi-

mum deviations we use on the ice to off-ice areas to assess any possible bias. In

fact, warming in the region (e.g., Holmlund and Fuenzalida, 1995; Koppes et al.,

2009), retreat at many glaciers (e.g., Holmlund and Fuenzalida, 1995; Koppes

et al., 2009; Lopez et al., 2010; Davies and Glasser, 2012) and shrinkage from

the LIA to the present (Davies and Glasser, 2012) suggest the ice has a nega-

tive dh
dt . Besides the likelihood that the actual average ice dh

dt is negative, there

is also a disproportionate number of positive outliers due to clouds. There-

fore, the distribution of elevation differences with cloud-cover is not Gaussian.

This is apparent in figure A.1, which shows a typical distribution of ASTER -
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Figure A.4: dh
dt of northern glaciers only.

71˚30'W 71˚00'W 70˚30'W 70˚00'W 69˚30'W 69˚00'W
55˚00'S

54˚45'S

54˚30'S

54˚15'S

0 10 20
km

Marinelli

Darwin

CDI−08

Garibaldi

Oblicuo

Roncagli

Mt. Darwin

Mt. Sarmiento

Almirantazgo Fjord

Beagle Channel

70˚W 60˚W

50˚S

40˚S

30˚S

−20 −15 −10 −5 0 5

dh/dt (m/yr)

Figure A.5: dh
dt of southern glaciers only.

SRTM elevation differences for the 15/01/2011 ASTER DEM where cloud cover

is present.

The problem of positive outliers obviously becomes more pronounced at

larger elevation differences. We demonstrate the influence of positive outliers

by calculating the average off-ice dh
dt for maximum allowed deviations of ±5,

±10 and ±30 m yr-1, which result in dh
dt of -0.04, +0.10 and +0.82 m yr-1, respec-

tively. Figure A.2 shows off-ice elevation differences within ±30 m yr-1 for the

15/01/2011 ASTER DEM that illustrate this pattern for a single ASTER DEM. A
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similar pattern is observed for the ice elevation differences (figure A.3), though

with a more negative peak and more negative values closer to the peak than

positive values (which we take to be indicative of real thinning).

The mean and the median are both affected by the choice of maximum de-

viation, however, the mode (the most commonly occurring value, i.e. the peak

in a peaked distribution) is not affected by the choice of maximum deviation or

by the disproportionate number of positive outliers. Taking the mode of eleva-

tion differences to be either the ”actual” average dh
dt (or at least a lower bound

on the mass loss), we first compare (for each ASTER DEM) the mode of ASTER

- SRTM elevation differences off-ice to the on-ice mode. For 26 out of 32 appli-

cable DEMs, the on-ice mode is more negative than the off-ice mode, indicating

that the ice has a negative dh
dt (given that we know the off-ice areas must have a

real dh
dt of effectively 0 m yr-1).

It is important to remember that the modes are not affected by the choice of

maximum deviation, unless the maximum deviation does not include the mode.

This is not the case for any of our ASTER DEMs, even when the maximum

allowed positive deviation is limited to +5 m yr-1. Therefore, we take the mode

of the on-ice elevation differences as a deviation-independent measure that is

representative of the average dh
dt (i.e. it would be the mean if the distribution

were Gaussian).

Taking the elevation differences from all of the ASTER DEMs, normalizing

by converting to rates, then determining the mode gives a dh
dt of -1.3 m yr-1 for

the ablation zone and -0.9 m yr-1 for the accumulation zone. These are almost

certainly less negative than the real dh
dt , because there is thinning in the -20 to just

over -25 m yr-1 range at the front of three glaciers (which the regression-based
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dh
dt include, but the mode does not). It is true that positive dh

dt in the +20 to +25

m yr-1 are similarly excluded, but coherent thickening in the +20 to +25 m yr-1

range would be far outside the realm of possibility suggested by precipitation

data for this region (e.g., Fernandez et al., 2011).

Multiplying these rates by the areas of the ablation and accumulation zone

and assuming a density of 900 kg m3 gives a mass change rate of -2.54 Gt yr-1. We

do not consider this the ”actual” mass change rate, but do take it as a deviation-

independent measure that is a lower bound on the mass loss occurring. The

difference between -2.54 Gt yr-1 and our mass change rate of -3.76 Gt yr-1 (ex-

cluding sub-aqueous and using the same assumptions regarding density, pene-

tration depth, etc.) is taken as an estimate of the possible uncertainty due to the

choice of maximum deviation. Adding all of our sources of uncertainty together

in quadrature yields a total uncertainty of ±1.5 Gt yr-1.

Ignoring the possible influence of ELA on our results and assuming zero

meters of penetration, the mode of normalized elevation differences for the en-

tire icefield is -1.1 m yr-1, which would yield a mass change rate of -2.86 Gt yr-1

(the more negative rate is due to the fact that the frequency of points tends to

be “heavier” just negative of the mode for both the accumulation and ablation

zones). We use the rate of -2.54 Gt yr-1 given above that is obtained using the

same assumptions that yield the -3.76 Gt yr-1 estimated via pixel-by-pixel re-

gression.
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A.3 Accumulation Area Ratios - Marinelli, Garibaldi and CDI-

08 glaciers

Figures A.6, A.7 and A.8 show the accumulation area ratio (AAR) vs. elevation

for Marinelli, CDI-08 and Garibaldi glaciers, respectively (elevations from the

SRTM DEM). Marinelli Glacier, with an AAR of 0.38 at an ELA of 1100 m, has

the lowest AAR of the three glaciers. Marinelli has already gone through the

“flat” part of the curve (where small changes in the ELA cause large changes in

the AAR) and is not in balance, contributing to the large negative mass balance

and recent rapid retreat (e.g., Koppes et al., 2009).

CDI-08, with an ELA of ∼640 m, is still in the flat part of its curve and is

more sensitive to a change in ELA than Garibaldi. The AAR of CDI-08 at its

ELA of 640 m is 0.71, shifting the ELA up to 840 m would give an AAR of 0.46,

a reduction of 25%. Garibaldi is comparatively insensitive, changing its ELA

by the range we use for the entire icefield (650 m to 1090 m, more than 400 m)

reduces the AAR from 0.89 to 0.67 (22%).
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Figure A.6: Hypsometry for Marinelli Glacier from the SRTM DEM. The curve
indicates what the AAR would be for the corresponding elevation.
The black dot indicates the current ELA (1100 m), the red dot indi-
cates a 200 m upward shift (1300 m). This would reduce the AAR
from 0.39 to 0.31.
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Figure A.7: Hypsometry for CDI-08 Glacier from the SRTM DEM. The curve
indicates what the AAR would be for the corresponding elevation.
The black dot indicates the current ELA (640 m), the red dot indi-
cates a 200 m upward shift (840 m). This would reduce the AAR
from 0.71 to 0.46.
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Figure A.8: Hypsometry for Garibaldi Glacier from the SRTM DEM. The curve
indicates what the AAR would be for the corresponding elevation.
The black dot indicates our best guess of the current ELA (650 m),
which we have not estimated but is typical for southern and west-
ern glaciers (Bown et al., in press) The red dot indicates a 200 m
upward shift (850 m). This would reduce the AAR from 0.89 to
0.82.
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APPENDIX B

SUPPLEMENTARY INFORMATION - RECENT GLACIER VELOCITIES

AND THINNING AT THE NOVAYA ZEMLYA ICEFIELD

B.1 Data Summary

Table B.1 provides a summary of the data used in this study.
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Table B.1: Data summary

Data type Collected by Used for Data source Dates covered

Cartographic DEM
Russian aerial, geodetic
surveys (Sharov, 2005)

dh
dt , orthorectification

Viewfinder Panoramas
(de Ferranti, 2014)

1952 (Sharov,
2005)

WorldView 1 &
2/QuickBird
2/GeoEye-1 imagery

DigitalGlobe satellites Velocities PGC 2010-2014

WorldView 3m DEMs WorldView dh
dt , orthorectification

Produced by ASP
toolset (Broxton and
Edwards, 2008; Moratto
et al., 2010) from
stereo-imagery
provided by PGC

2012-2014

ASTER imagery
ASTER instrument,
Terra satellite

Velocities
Distributed by LP
DAAC (LP DAAC,
2014) through Reverb

2003-2009

ASTER DEMs
ASTER instrument,
Terra sattelite

dh
dt , orthorectification

Produced/distributed
by LP DAAC
(LP DAAC, 2014)
through Reverb

2000-2013

Landsat 5, 7, 8 imagery Landsat satellites Velocities USGS EarthExplorer 1985-2014

TerraSARX imagery TerraSARX Velocities
German Aerospace
Center/EADS Astrium

Winter 2014

Altimetry product
GLA06, Release 531
elevations (Zwally
et al., 2010)

Geoscience Laser
Altimeter System
(GLAS) onboard ICESat

dh
dt , vertical
coregistration

National Snow and Ice
Data Center

2003-2009

Glacier outlines
Various researchers,
compiled by GLIMS

Separating ice and
off-ice areas throughout
study

GLIMS (GLIMS, 2014)
from imagery
acquired
2000-2008

Sea Surface
Temperatures (SSTs)

Various instruments,
produced using the
operational,
high-resolution,
combined sea surface
temperature and sea ice
analysis system
(OSTIA)

SSTs

Global Ocean Data
Assimilation
Experiment (GODAE)
High Resolution SST
Pilot Project
(GHRSST-PP; Stark
et al., 2007)

2006-2014
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B.2 Date Intervals of Velocity Pairs

Figure B.1 shows the date intervals of the image pairs corresponding to the ve-

locity measurements used in this study.
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Figure B.1: Date intervals (indicated by red lines) of image pairs corresponding
to velocities used in this study. Velocities from a total of 57 image
pairs were used, with image acquisitions ranging in date from 1985
to 2014.
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B.3 Validation of the Cartographic DEM Using ICESat

We use ICESat (product GLA06) elevations (Zwally et al., 2010) over off-ice ar-

eas to validate the cartographic DEM derived from aerial surveys performed

in 1952 over the Novaya Zemlya Icefield (e.g., Sharov, 2005). Product GLA06

ICESat elevations over Novaya Zemlya are estimated to have an uncertainty of

0.5 m (Moholdt et al., 2012a), and are therefore a good benchmark for testing

the accuracy of DEMs. We sample the cartographic DEM at coordinates of the

ICESat elevations using the nearest-neighbor method (i.e., the cartographic el-

evations remain unchanged). The distribution of off-ice elevation differences

(cartographic DEM minus ICESat elevations) is shown in figure B.2. We calcu-

late the mean, median, and standard deviation, then clip at the median ±2σ to

mitigate the influence of clouds and other sources of error and recalculate the

mean, median and standard deviation. The resulting mean and median differ-

ences are 0.4 m and 0.1 m, respectively, with a standard deviation of 14.3 m. We

assign the standard deviation of 14.3 m as the uncertainty of the cartographic

DEM.
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Figure B.2: Histogram of off-ice ICESat elevations subtracted from the 1952 car-
tographic DEM. After clipping at ±2σ, the mean elevation differ-
ence is 0.4 m, the median is 0.1 m, and the standard deviation is
14.3 m. The red line indicates the median, the blue lines two stan-
dard deviations.
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B.4 Weighted Linear Regression to Calculate Surface Elevation

Change Rates (dh
dt )

Positive and negative outliers among the input elevations for the weighted lin-

ear regression at each pixel are filtered according to their deviation from a refer-

ence elevation. The reference elevation is the cartographic DEM for the 1952-

2013/2014 dh
dt , as it matches well with the off-ice ICESat without adjustment

(figure B.2). The median elevation for each pixel is used as the reference for

the 2012-2013/2014 rates that only incorporate WorldView elevations.

We performed unconstrained regressions to determine what deviation to al-

low for each time period, examining areas of minimum and maximum coherent

elevation change. The area of maximum thickening in the 1952-2013/2014 dh
dt is

the northern ice cap, with rates up to 4 m yr-1. The area of maximum thickening

in the 2012-2013/2014 dh
dt is the northwest part of Roze Glacier (south of INO),

with rates of 2-3 m yr-1. We found maximum coherent thinning of around -5 m

yr-1 in the 1952-2013/2014 dh
dt in several areas, and maximum thinning of more

than -20 m yr-1 just behind the current front of VIS.

We therefore use deviations of +5/-30 m yr-1 for the 1952-2013/2014 dh
dt and

+3/-30 for the 2012-2013/2014 dh
dt . -30 m yr-1 deviation is allowed for the 1952-

2013/2014 rates so that can compare as well as possible the two time periods,

although the difference between allowing a deviation of +5/-10 and +5/-30 for

the 1952-2013/2014 dh
dt ends up being less than 1/10000th m w.e. yr-1 in terms

of average mass balance. We restrict the 2012-2013/2014 positive deviation to

+3 due to the short time period covered by the DEMs, which makes the process

more prone to producing outlier dh
dt .
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The asymmetric deviation allowed is due to the asymmetry observed at No-

vaya Zemlya and elsewhere between thinning and thickening. Thinning rates

beyond -20 m yr-1 are observed at some tidewater-calving glaciers (e.g., Willis

et al., 2012b; Melkonian et al., 2013). Thickening of more than 5 m yr-1 is not re-

alistic given the amount of precipitation at Novaya Zemlya (e.g., Moholdt et al.,

2012a), and ICESat results indicate that areas with thickening above 0.5 m yr-1

are limited in extent (figure 1; Moholdt et al., 2012a).

A time-varying symmetric rate limit is applied to the input elevations for the

2012-2013/2014 dh
dt , which excludes elevations that deviate by more than a rate

that ranges from 1 m yr-1 for a time separation of 0.3 years to 20 m yr-1 for a

time separation of one year. This time-varying rate limit is imposed to prevent

elevations separated by short time-intervals from skewing the dh
dt . WorldView

DEMs have low uncertainties (usually 1 to 3 m), but even elevations that are

essentially the same (within uncertainties) can produce a relatively extreme dh
dt

when separated by a short period of time.

B.5 dh
dt Uncertainties

The uncertainties of the DEMs corresponding to the elevations incorporated

into the regression at a particular pixel yield the uncertainty of the dh
dt for that

pixel, via the model covariance matrix (e.g., Aster et al., 2005). Individual pix-

els have a dh
dt uncertainty given by the covariance matrix associated with the

regression (e.g., Aster et al., 2005). Shorter timespans and higher uncertainties

on the individual elevations lead to higher dh
dt uncertainties at individual pixels.

For any given area, we use the individual pixel uncertainties within that area to
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calculate an overall uncertainty. It is not valid to add up the uncertainties and

multiply by the area to calculate a volume change rate (dV
dt ), as this assumes that

the uncertainty bounds for an area are equal to all the dh
dt being at limit of their

uncertainties at the same time, i.e. that the dh
dt within the area are equivalent to

a single measurement (are not independent at all). This is true for an individ-

ual pixel, but clearly not true of the entire icefield, or even individual basins.

Therefore, it is necessary to estimate the scale at which the dh
dt are independent

in order to estimate the dV
dt uncertainty for a given area. The larger the scale, the

less independent the dh
dt are, and the higher the uncertainty, the smaller the scale,

the more independent the dh
dt are, and the lower the uncertainty.

We estimate the width at which the dh
dt are independent by first calculating

the variance of the off-ice dh
dt for areas of increasing width, starting with a width

equal to the resolution of the dh
dt (120 m) and incrementing the width by the res-

olution (figure B.3). The width past which all subsequent variance increases

fall outside two standard deviations (i.e. all subsequent increases in variance

are less than 4.2%) is taken as the width at which the dh
dt are independent. This

width is 1800 m by 1800 m for our dh
dt in this study, and is greater than the “corner

point” (maximum change in slope), which is 900 m. We therefore consider 1800

m to be a conservative estimate of our dh
dt uncertainties from the DEM uncer-

tainties, as assuming a correlation width of 900 m would result in significantly

lower uncertainties.

Once we estimate the scale at which the dh
dt are independent, we use the in-

dividual dh
dt uncertainties to calculate a volume change rate uncertainty at a 95%

confidence interval using the following formula: 1.96 × U
√

N
(e.g., Howat et al.,

2008b). U is the total “volume” of uncertainty, i.e. the sum of all the on-ice dh
dt
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Figure B.3: Variance of off-ice dh
dt with pixels of increasing width, at intervals of

120 m (the resolution of the dh
dt results). The red circle indicates the

width (1800 m) at which the off-ice dh
dt are considered to be “inde-

pendent”, i.e. all subsequent increases in variance fall outside two
standard deviations (are less than 4.2%).

uncertainties multiplied by the pixel area. This is equivalent to calculating the

dV
dt using the dh

dt uncertainties instead of the dh
dt themselves. N is the number of

independent pixels (e.g., Howat et al., 2008b), which we determine by dividing

the total area by the area over which off-ice dh
dt are correlated (e.g., Rolstad et al.,

2009).

We estimate the uncertainty due to our application of an asymmetric devia-

tion limit on the input elevations by comparing them with the average mass bal-

ances obtained from allowing +10/-10 m yr-1 deviation for the 1952-2013/2014
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dh
dt and +5/-5 m yr-1 deviation for the 2012-2013/2014 dh

dt . We further restrict the

2012-2013/2014 dh
dt obtained using a deviation limit of +5/-5 m yr-1 by requiring

that the first and last elevation incorporated into the regression be separated by

at least a year. Along with the +5/-5 m yr-1 allowed deviation, this helps ensure

that outlier rates do not influence the 2012-2013/2014 dh
dt we use to check against

our results produced allowing +3/-30 m yr-1 deviation.

Allowing +10/-10 deviation for the 1952-2013/2014 dh
dt produces an average

mass balance of -0.20 m w.e. yr-1, versus -0.24 m w.e. yr-1 for an allowed de-

viation of +5/-30. The +5/-5 2012-2013/2014 dh
dt with at least a year separation

yields an average mass balance of -0.35 m w.e. yr-1, versus -0.38 m w.e. yr-1

for an allowed deviation of +3/-30 over the same area. The difference between

the two over their common areas is taken to be the uncertainty due to asym-

metric allowed deviation and applied as a uniform rate across the entire area

of the dh
dt for the corresponding time period. For reference, the unconstrained

2012-2013/2014 dh
dt yield an average mass balance of -0.27 m w.e. yr-1. However,

the difference is largely due to the influence of positive outliers, as the average

mass balance yielded by the unconstrained dh
dt over the same area as the +5/-5

dh
dt is -0.35 m w.e. yr-1.

The time-varying rate-limit we impose on the 2012-2013/2014 is not consid-

ered as a separate uncertainty, as it is symmetric and so should not bias the

results towards thinning or thickening.
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B.6 Mass Change Rate Uncertainty

We assume a density of 900 kg m-3 for all volume change, allowing us to com-

pare our mass change estimates with those of other studies (e.g., Moholdt et al.,

2012a).

B.7 Interval, Last Date and Density of 2012-2013/2014 World-

View dh
dt

Figure B.4 shows the date of the most recent elevation (the “last date”) used

to produce the 2012 to 2013/2014 dh
dt . Figure B.5 shows the interval (in years)

between the first and last (in time) WorldView elevations incorporated into the

regression that produced the 2012 to 2013/2014 dh
dt . The average interval is 1.1

years, the average last date is 2013.6 (July 2013).

The “density”, or number of elevations actually incorporated into the regres-

sion, is shown in figure B.6. The median number of elevations incorporated into

the regression is 3, the average is 3.2.
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Figure B.4: Date of the most recent elevation used to produce the 2012 to
2013/2014 dh

dt .
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Figure B.5: Interval (in years) between the first and last (in time) WorldView
elevations incorporated into the regression that produced the 2012
to 2013/2014 dh

dt .
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Figure B.6: Number of elevations per pixel used to calculate the 2012 to
2013/2014 dh

dt .
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B.8 Map of 2012-2013/2014 WorldView dh
dt

Figure B.7 shows the 2012-2013/2014 dh
dt calculated using only WorldView

DEMs.
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Figure B.7: 2012-2013/2014 dh
dt from WorldView DEMs.
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B.9 Map of Difference Between 1952-2013 and 2012-2013 dh
dt at

Inostrantseva Glacier

Figure B.8 shows the difference in dh
dt between the 1952-2013 and 2012-2013 re-

sults, with warmer colors indicating that thinning is greater in the 2012-2013

dh
dt .
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Figure B.8: Rates obtained by subtracting the 1952-2013 dh
dt from the 2012-2013

dh
dt at INO. 2012 to 2013 thinning rates are more than -10 m yr-1

greater in places than 1952 to 2013.
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B.10 ASTER/WorldView dh
dt

In order to use the ASTER DEMs, we first horizontally and vertically coregis-

ter them (using only the off-ice elevations) to the 1952 cartographic DEM us-

ing the tool “pc align”. The 1952 cartographic DEM matches ICESat well over

bedrock (figure B.2), and so is an appropriate reference for coregistering the

ASTER DEMs. Before coregistration, the median standard deviation of the off-

ice differences between the ASTER DEMs and the 1952 cartographic DEM is 26

m, after coregistration this is improved to 20 m.

The reference elevation for each point set to the WorldView elevation with

the lowest standard deviation. While WorldView DEMs provide quite accurate

elevations, it would be much easier to filter out erroneous ASTER elevations if

the reference DEM were acquired before the ASTER DEMs. This is due to the

aforementioned positive bias of ASTER elevation outliers, combined with the

high thinning rates at some glaciers on Novaya Zemlya. If an ASTER elevation

is too high, it can be easily filtered out if the reference DEM is at an earlier date,

because the maximum thickening is much less than the maximum thinning.

In this case, the allowed positive deviation (which is lower than the allowed

negative deviation) excludes the ASTER elevation.

However, if the reference is acquired after the ASTER elevation in question,

then we must rely on the maximum allowed negative deviation to exclude it

(for the obvious reason that we are moving backward in time). The maximum

allowed negative deviation must be a much higher magnitude, and so when the

reference is acquired after the ASTER DEMs more outliers are incorporated into

the regression, leading to erroneously high thinning in the accumulation zone
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(which has the highest share of outliers).

As an example, take a point where the actual dh
dt is 0 m yr-1. If the reference

elevation is 200 m in 2000, and there is an ASTER elevation at 250 m at the same

point in 2001, the ASTER elevation will be excluded by any reasonable allowed

positive deviation. However, if the reference elevation is 200 m in 2013 (the

WorldView DEMs we use are from 2012-2014), even a relatively low allowed

negative deviation of -5 m yr-1 will include the ASTER elevation (as the two

elevations would produce a thinning rate of -4.8 m yr-1). This is why a reference

elevation acquired after the ASTER DEMs, used in conjunction with them to

calculate dh
dt , leads to erroneously high thinning rates in the accumulation zone.

With that in mind, we use several different sets of allowed deviations to

obtain ASTER/WorldView dh
dt , with more negative deviation allowed at lower

elevations and less negative deviation allowed at higher elevations. These de-

viations are chosen based on a comparison of the dh
dt by elevation of various

ASTER/WorldView results using different deviations with the ICESat dh
dt . For

reference elevations above 600 m, we only incorporate elevations into the re-

gression that deviate by ±2 m yr-1 or less from the WorldView reference eleva-

tion. Below 300 m, we allow a positive deviation of 3 m yr-1 and a negative

deviation of -20 m yr-1. From 300 to 600 m, we allow a positive deviation of

3 m yr-1 and a negative deviation of -4 m yr-1. A higher positive deviation is

allowed at 300 m to 600 m because of thickening found in the 1952-2013/2014

results over the northern ice cap. We note that allowing a negative deviation

of -20 m yr-1 below 300 m is unlikely to produce a similar pattern of dh
dt to the

2012-2013/2014 results from 0 to 300 m due to random noise.
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B.11 Retreat of Inostrantseva Glacier (INO) from 1986 to 2013

The retreat history of INO from 1986 to 2013 is shown in figure B.9 by front

positions at several dates.
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Figure B.9: Retreat at INO glacier as shown by front positions on 1986/07/26
(Landsat 5), 2002/06/19 (Landsat 7), 2006/06/27 (ASTER) and
2013/08/17 (Landsat 8). The amount of retreat from 1986 to
2002/2006 ranged from 200 m to 700 m. The front retreated by ap-
proximately 3 km from 2006 to 2013.
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B.12 Velocities at Vilkitskogo North Glacier (VIS)

Figures B.10, B.11, B.12 show velocities for VIS from summer-autumn 2001,

spring-summer 2006 and summer 2013, respectively, calculated from Landsat

and ASTER image pairs.
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Figure B.10: Velocities at VIS from pixel-tracking applied to a Landsat 7 image
pair, 2001/08/08 to 2001/09/25 (summer-autumn).
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Figure B.11: Velocities at VIS from pixel-tracking applied to an ASTER image
pair, 2006/03/29 to 2006/06/22 (spring-summer).
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Figure B.12: Velocities at VIS from pixel-tracking applied to a Landsat 8 image
pair, 2013/07/07 to 2013/08/01 (summer).
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B.13 Hypsometry of Barents and Kara Sea Coast Glaciers from

WorldView DEMs Acquired Between 2012-2014

Figure B.13 illustrates the hypsometry of the glaciated area along the Barents

Sea coast (panel “a”) and Kara Sea coast (panel “b”) using the median 2012-

204 WorldView elevation (in time) at each pixel over the icefield. The total area

covered by the DEM composed from the median WorldView elevation at each

pixel is 21,291 km2 (96% of the icefield area; e.g., Moholdt et al., 2012a).
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Figure B.13: Area by elevation (hypsometry) from median WorldView eleva-
tions (acquired 2012-2014) for glaciers on the Barents Sea coast
(panel “a”) and Kara Sea coast (panel “b”). Hypsometry is lighter
green for tidewater-terminating glaciers and darker green for
land-terminating glaciers. The total area covered is 21,291 km2.
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APPENDIX C

APPENDIX - COMPARING ICEFIELDS

C.1 Mass Change Rate Uncertainty Sources by Icefield

Figure C.1 shows the relative contribution of different sources (as percentages)

to the total uncertainty on the mass change rate for each of the four icefields. The

2012-2013/2014 NovZ (“NovZ Short”) mass change rate uncertainty is mostly

due to uncertainty from the DEMs themselves (“dh/dt”). Following Moholdt

et al. (2012b) we do not consider different density or ELA scenarios. Penetration

is not a factor for NovZ, as we do not use a radar-derived DEM (e.g., the SRTM

DEM). We do consider different ELA scenarios for Stikine, but the effect on the

mass change rate is less than a tenth of a percent.
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Figure C.1: The relative contribution of different sources to the mass change
rate uncertainty for the CDI (red), NovZ 1952-2013/2014 (“NovZ
Long”, blue), NovZ 2012-2013/2014 (“NovZ Short”, green), the JIF
(black), and Stikine (purple). “dh/dt” refers to uncertainty calcu-
lated during the regression using the individual DEM uncertain-
ties. “Density” is the estimated uncertainty due to lack of knowl-
edge regarding the density, calculated by examining the effect of
different densities on the mass change rate. “Deviation” is the un-
certainty due to the deviation allowed from the reference eleva-
tion, calculated using various methods detailed in chapters 3 and 4
(and associated appendices). “Penetration” is the uncertainty due
to C-band penetration (only applies here when using SRTM DEM).
“ELA” is uncertainty from the uncertainty regarding the ELA posi-
tion. The contribution of each source is given as a percentage of the
total uncertainty for that icefield/time period.
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APPENDIX D

GLOSSARY OF TERMS

Below are definitions of commonly-used terms and abbreviations. Most

glaciological definitions summarize descriptions given in (Cuffey and Paterson,

2010).

AAR: Abbreviation for “Accumulation Area Ratio”, the ratio of the area of

the accumulation zone to the total area of a glacier. Higher AARs are typically

associated with less mass loss or more mass gain for a given region.

Ablation: Mass loss. Typical ablation processes include melt (both surface

and submarine), calving, and sublimation. The two ablation processes dis-

cussed here are surface melt and calving, although submarine melt plays an

important role in calving.

Ablation Zone: Typically refers to the area beneath the ELA (see below),

where ablation processes dominate.

Accumulation: Mass gain. The most important accumulation process im-

pacting the regions considered here is precipitation (snowfall).

Accumulation Zone: Typically refers to the area above the ELA (see below),

where accumulation processes dominate.

Advance: Advance of a glacier front. Advance typically occurs in response

to a prolonged period of mass gain. Examples include the advance phase of

tidewater-cycle glaciers (e.g., Taku Glacier) and surging glaciers, which can ad-

vance rapidly and thicken at the front while thinning occurs due to mass draw-

down further upglacier.
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CDI: Abbreviation for the “Cordillera Darwin Icefield” (e.g., Lopez et al.,

2010), a ∼2,600 km2 icefield in the Tierra del Fuego region of southern Chile.

This is often considered along with the Patagonian icefields (NPI and SPI, see

below).

Dynamic thinning/mass loss: Refers to mass loss or thinning due to calving

of icebergs. Dynamic mass loss is connected to glacier velocities, as glacier ve-

locities are an important component of the calving flux at the front of a glacier.

Assuming the front position remains the same or retreats, higher velocities im-

ply higher calving fluxes. However, higher velocities do not always lead to a

higher calving flux, and in the case of surge-type glaciers are associated with

advance.

ELA: Abbreviation for “Equilibrium Line Altitude”, the elevation at which

net ablation equals net accumulation. In reality, the line at which net ablation

equals net accumulation will be at different altitudes on the same glacier de-

pending on a number of factors, but the elevation contour that most closely ap-

proximates this line is typically used for convenience. The transient snow line

at the end of the melt season (indicating which areas retain snow for the year) is

often used as a proxy for the ELA for the glaciers considered here, which do not

have significant superimposed ice zones like Greenland. The ELA changes from

year to year, but for convenience is often considered to be at a fixed elevation

for periods of several years to a decade.

Ice cap: A body of ice less than 50,000 km2 that is not constrained by topog-

raphy, typically overlying mountains, with outlet glaciers extending out from a

“dome” of ice.

236



Icefield: A body of ice less than 50,000 km2 controlled by topography, typi-

cally taking the form of interconnected valley glaciers. Greenland and Antarc-

tica are NOT icefields (see “Icesheet” below). All of the glaciers analyzed in the

studies presented here are part of icefields.

Icesheet: Contiguous body of ice over 50,000 km2. Greenland and Antarctica

are the only icesheets on Earth today.

JIF: Abbreviation for the “Juneau Icefield”, a ∼3,800 km2 icefield in the Coast

Mountains of southeast Alaska.

Mass Balance: The net of ablation (mass loss) and accumulation (mass gain)

processes. The full mass balance equation for any glacier includes many terms,

almost all of which are not mentioned or considered in any detail here. The three

main components of mass balance that are most important to keep in mind are

surface melt (an ablation process), precipitation (an accumulation process), and

calving (an ablation process). Surface mass balance refers to ablation and ac-

cumulation processes that act on the surface of a glacier (e.g., NOT calving or

submarine melt), and is dominated by surface melt and precipitation for the

glaciers considered here. The term “average mass balance” will sometimes be

employed, this often refers to the net mass change measured by dh
dt , on the as-

sumption that the dh
dt come close to capturing the full mass balance for many of

the glaciers considered here.

NovZ: Abbreviation for “Novaya Zemlya Icefield”, the ∼22,100 km2 of

glaciated area on Novaya Zemlya, although it is occasionally used as shorthand

for “Novaya Zemlya”.
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NPI: Abbreviation for the “Northern Patagonian Icefield”, ∼3,600 km2 of

glaciated area in the Patagonia region.

Retreat: Recession of a glacier front. Retreat is most rapid at tidewater-

glaciers in the retreat phase, when it is driven by an increase calving flux, but

for most land-terminating glaciers retreat is driven primarily by melt.

RHA: Abbreviation for the “Russian High Arctic”. The RHA consists of the

island of Novaya Zemlya and the archipelagos of Severnaya Zemlya and Franz

Josef Land. The total glaciated area of this region is approximately 51,000 to

52,000 km2 (e.g., Radić et al., 2014).

SLR: Abbreviation for “Sea Level Rise”.

SPI: Abbreviation for the “Southern Patagonian Icefield”, ∼12,500 km2 of

glaciated area in the Patagonia region.

SRTM: Abbreviation for the “Shuttle Radar Topography Mission”, which

consisted of C- and X-band InSAR flown onboard a shuttle in February of 2000,

used to produce a digital elevation model (the SRTM DEM). Occasionally, SRTM

will refer to the SRTM DEM rather than the shuttle mission itself.

Stikine: Shorthand for the “Stikine Icefield”, ∼5,800 km2 of glaciated area

south of the JIF in the Coast Mountains of southeast Alaska.

Water Equivalent (w.e.): Assuming a density of 1000 kg m-3. For example, if

the average mass loss rate is -1 m w.e. yr-1, this is equivalent to losing one meter

of water over the area in question. The water equivalent rate is always lower

than the elevation change rate, because the density of ice/firn/snow is lower

than water.
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APPENDIX E

PIXEL-TRACKING SCRIPTS

This chapter details the scripts used to perform pixel-tracking on image

pairs. These scripts access a variety of applications to prepare the imagery, ap-

ply pixel-tracking to image pairs, and post-process the velocity results. The core

program run by all of the scripts is the “ampcor” tool from ROI PAC, which per-

forms normalized amplitude cross-correlation (pixel-tracking).

E.1 High-Resolution Imagery

highResPX.py

Description:

Performs pixel-tracking on high-resolution imagery (e.g., WorldView,

QuickBird). Can start from raw “.ntf” imagery or from already orthorectified

imagery. Starting from “.ntf” requires DEMs, ideally from a stereo-pair that in-

cludes the input imagery. Processes through motion-elevation correction also

requires a DEM.

Dependencies:

Packages/Software:

Python (including numpy, scipy, pylab, matplotlib)

ROI PAC (“ampcor”)

GDAL (ECW support required for processing “.ntf” files)

GMT

sed
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gawk

MATLAB (if using coherency filter for post-filtering)

Scripts:

splitAmpcor.py

findOffset.py

getxyzs.py

motionElevCorrection.py (if performing motion-elevation correction, must

be in the SAME directory as highResPX.py)

noiseremoval.m (if using coherency filter for post-filtering)

remloners.m (if using coherency filter for post-filtering)

remnoise.m (if using coherency filter for post-filtering)

grdread2.m (if using coherency filter for post-filtering)

grdwrite2.m (if using coherency filter for post-filtering)

NOTE: all MATLAB scripts must be in the “MATLAB” directory specified in

the parameters file

Usage:

python highResPX.py /path/to/highres params.txt

Parameters:

/path/to/highres params.txt: Path to ASCII text file defining all the neces-

sary parameters.

Example parameters file:

:::::::::::::::::::::::::::

/path/to/highres params.txt
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:::::::::::::::::::::::::::

REF PATH = /home/user/HighRes/WV IMAGE1.ntf

SEARCH PATH = /home/user/HighRes/WV IMAGE2.ntf

REF DEM PATH = /home/user/DEMs/WV DEM1.tif

SEARCH DEM PATH = /home/user/DEMs/WV DEM1.tif

UTM ZONE = 7

UTM LETTER = V

ICE = /home/user/Region utm7v ice.gmt

ROCK = /home/user/Region utm7v rock.gmt

METADATA DIR = /home/user/HighRes/Images

PAIRS DIR = /home/user/HighRes/Pairs

PROCESSORS = 4

RESOLUTION = 15

SNR CUTOFF = 0

DEM GRD = /home/user/DEMs/DEM utm7v.grd

PREFILTER = False

REF X = 32

REF Y = 32

SEARCH X = 32

SEARCH Y = 32

STEP = 8

M SCRIPTS DIR = /home/user/MATLAB/scripts

VEL MAX = 10

TOL = 0.2

NUMDIF = 3

SCALE = 1500000
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Parameter descriptions:

REF PATH: Path to reference image (typically the earlier image in a pair). Must

be either un-orthorectified “.ntf” or orthorectified ENVI-format (flat binary with

associated “.hdr” metadata file).

SEARCH PATH: Path to search image (typically the later image in a pair). Must

be either un-orthorectified “.ntf” or orthorectified ENVI-format (flat binary with

associated “.hdr” metadata file).

REF DEM PATH: Path to DEM to use to orthorectify the reference image

at “REF PATH”, ideally is the DEM made from stereo-pair that includes

“REF PATH” but can be any suitable DEM. Must be in GeoTIFF format but can

be any projection recognized by GDAL.

SEARCH DEM PATH: Path to DEM to use to orthorectify the search image

at “SEARCH PATH”, ideally is the DEM made from stereo-pair that includes

“SEARCH PATH” but can be any suitable DEM. Must be in GeoTIFF format

but can be any projection recognized by GDAL.

UTM ZONE: Number of UTM zone to use (imagery will be reprojected to this

zone if not already projected in it)

UTM LETTER: Letter of UTM zone (for use by GMT scripts)

ICE: Path to GMT polygon file containing glacier outlines projected in

UTM ZONE. Outlines for many regions available via Global Land Ice Measure-

ments from Space (GLIMS, www.glims.org).
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ROCK: Path to GMT polygon file containing internal rock outlines projected in

UTM ZONE.

METADATA DIR: Directory containing metadata, metadata files MUST have

the same identifier as image files e.g., if image file is LC81760062014211LGN00 B8.TIF,

metadata file MUST be LC81760062014211LGN00 MTL.txt

PAIRS DIR: Directory where all file created by this script will be writ-

ten. A separate directory will be created for each pair, with the following

format: YYYYMMDDHHMMSS YYYYMMDDHHMMSS The first date/time-

stamp corresponds to the later image in the pair, the second to the earlier image

DO NOT MODIFY the pair directory names created by the script if you expect

the script to work

PROCESSORS: Number of processors to use when running “ampcor” To find

the number of “processors” available on your machine (if you are using linux),

enter the command “top” then type the number “1” NOTE: You can enter any

number here, but if that number is higher than the number of “processors”

available on your machine you will not see a performance increase.

RESOLUTION: Resolution to use for the input imagery in meters (e.g., “1”),

OR the resolution of the input imagery if it has already been orthorectified.

SNR CUTOFF: Signal-to-noise ratio threshold, * filt.grd velocity grids created

by the script during post-processing will be clipped so that all pixels with an

SNR below this threshold are masked out.

DEM GRD: Path to NetCDF grid file of elevations projected in UTM ZONE.

MAKE SURE this covers the maximum extent of the imagery if you plan on
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using motion-elevation corrected results. Motion-elevation correction cannot

be performed where the elevation is unknown.

PREFILTER: Set to True if you are using IDLDE to perform gaussian high-pass

filtering using the gausshighpassgausstretch.pro script. If you set this to “True”

DO NOT modify the file names created by the *.pro script, let highResPX.py

deal with it. NOTE: This is often not necessary for high-resolution imagery.

REF X: Reference window size in pixels for the longitude/width/columns/samples

direction. NOTE: 32 has proved successful, but you may wish to modify, e.g., a

smaller window for smaller glaciers/faster processing.

REF Y: Reference window size in pixels for the latitude/length/rows/lines di-

rection. NOTE: 32 has proved successful, but you may wish to modify, e.g., a

smaller window for smaller glaciers/faster processing.

SEARCH X: Search window size in pixels for the longitude/width/columns/samples

direction. Set this so that it is twice the maximum offset (maximum velocity

multiplied by time interval, then divided by RESOLUTION).

SEARCH Y: Search window size in pixels for the latitude/length/rows/lines

direction. Set this so that it is twice the maximum offset (maximum velocity

multiplied by time interval, then divided by RESOLUTION).

STEP: Pixel-tracking is performed every STEP pixels. The smaller this number,

the higher resolution the velocity results will be and the longer “ampcor” will

take to run.

M SCRIPTS DIR: Directory containing the Matlab scripts “noiseremoval.m”,

“remloners.m”, “remnoise.m”, “grdread2.m”, “grdwrite2.m” NOTE: This is not
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necessary for processing.

VEL MAX: Maximum velocity threshold (in m/day) for use by “noisere-

moval.m”. Velocities above this value will be clipped for * filt.grd files. Lower

values filter out MORE, higher values filter out LESS. NOTE: This applies to

E-W and N-S velocities, NOT to overall speed.

TOL: Adjacent pixels whose velocity is within TOL*VEL MAX are considered

“similar” pixels. For example, if TOL is 0.2 and VEL MAX is 10, pixels that are

with 2 m/day of each other are considered “similar”. Lower values filter out

MORE, higher values filter out LESS. This is used in conjunction with NUMDIF

(see below).

NUMDIF: The minimum number of “similar” pixels that must “adjacent” to

the pixel being considered. If less than this number of “similar” adjacent pixels

are found, the pixel will be filtered out of the * filt.grd velocity results. Lower

values filter out LESS, higher values filter out MORE.

SCALE: Scale to be used by GMT when plotting results, 300000 often works for

a single WorldView image.

Output:

A directory will be created in the “PAIRS DIR” directory for each valid pair

given in the “PAIRS” file with the following format:

YYYYMMDDHHMMSS YYYYMMDDHHMMSS

The first date/time-stamp corresponds to the later image in the pair, the second

to the earlier image. DO NOT MODIFY the pair directory names created by the

script or the filenames created by this script if you expect the script to work.
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The following results will be created in these directories if the script runs suc-

cessfully:

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * eastxyz.txt: UTM East-

ing, UTM Northing, E-W offset in meters, SNR (space-delimited)

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * northxyz.txt: UTM

Easting, UTM Northing, N-S offset in meters, SNR (space-delimited)

These are 4-column ASCII text files containing the E-W and N-S OFFSETS

in METERS (NOT velocities). The first column is longitude (UTM easting), the

second is latitude (UTM northing), the third is offset in meters, the fourth is

signal-to-noise ratio.

Unfiltered NetCDF grid files containing VELOCITIES in METERS PER DAY will

be created from the ASCII text files:

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * eastxyz.grd: E-W ve-

locities (NOTE: MAY NEED TO MULTIPLY BY -1)

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * northxyz.grd: N-S ve-

locities

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * mag.grd: Speeds from

E-W and N-S velocities

A NetCDF grid file containing the SNRs will be created as well:

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * snrxyz.grd: SNRs

An image of the speeds will be created, as well as a file containing the GMT

commands used to create the image (if you’d like to modify it to create your

own image):

YYYYMMDDHHMMSS YYYYMMDDHHMMSS mag.pdf: PDF image of

speeds

YYYYMMDDHHMMSS YYYYMMDDHHMMSS image.gmt: GMT com-
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mands used to create “YYYYMMDDHHMMSS YYYYMMDDHHMMSS mag.pdf”

If filtering scripts are present, filtered files will be created corresponding to each

of the unfiltered files:

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * eastxyz filt.grd: Fil-

tered E-W velocities

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * northxyz filt.grd: Fil-

tered N-S velocities

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * mag filt.grd: Speeds

from filtered E-W and N-S velocities

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * mag filt.pdf: PDF im-

age of filtered speeds

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * image filt.gmt: GMT

commands used to create “YYYYMMDDHHMMSS YYYYMMDDHHMMSS mag filt.pdf”

If a DEM is specified, motion-elevation corrected files will be created from ei-

ther the filtered (if present) or unfiltered velocities:

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * eastxyz* corrected.grd:

Filtered E-W velocities

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * northxyz* corrected.grd:

Filtered N-S velocities

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * mag* corrected.grd: Speeds

from filtered E-W and N-S velocities

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * mag* corrected.pdf: PDF

image of filtered speeds

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * image* corrected.gmt:

GMT commands used to create “YYYYMMDDHHMMSS YYYYMMDDHHMMSS mag filt.pdf”
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E.2 Landsat

landsatPX.py

Description:

Performs pixel-tracking on Landsat imagery. Assumes imager is already or-

thorectified (e.g., L1G/T product for Landsat 7, 8). Motion-elevation correction

requires a DEM.

Dependencies:

Packages/Software:

Python (including numpy, scipy, pylab, matplotlib)

ROI PAC (“ampcor”)

GDAL

GMT

sed

gawk

IDL/ENVI (if pre-filtering using “gausshighpassfiltgausstretch.pro”)

MATLAB (if using coherency filter for post-filtering)

Scripts:

splitAmpcor.py

findOffset.py

getxyzs.py

motionElevCorrection.py (if performing motion-elevation correction, must
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be in the SAME directory as highResPX.py)

gausshighpassfiltgausstretch.pro (if pre-filtering using this script you must

also have IDL/ENVI)

noiseremoval.m (if using coherency filter for post-filtering)

remloners.m (if using coherency filter for post-filtering)

remnoise.m (if using coherency filter for post-filtering)

grdread2.m (if using coherency filter for post-filtering)

grdwrite2.m (if using coherency filter for post-filtering)

NOTE: all MATLAB scripts must be in the “MATLAB” directory specified in

the parameters file

Usage:

python landsatPX.py /path/to/landsat params.txt

Parameters:

/path/to/landsat params.txt: Path to ASCII text file defining all the neces-

sary parameters.

Example parameters file:

:::::::::::::::::::::::::::

/path/to/landsat params.txt

:::::::::::::::::::::::::::

UTM ZONE = 7

UTM LETTER = V

ICE = /home/user/Region utm7v ice.gmt

ROCK = /home/user/Region utm7v rock.gmt

METADATA DIR = /home/user/Landsat8/Images
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PAIRS DIR = /home/user/Landsat8/Pairs

PROCESSORS = 4

RESOLUTION = 15

SNR CUTOFF = 0

DEM GRD = /home/user/DEMs/DEM utm7v.grd

PREFILTER = False

REF X = 32

REF Y = 32

SEARCH X = 32

SEARCH Y = 32

STEP = 8

M SCRIPTS DIR = /home/user/MATLAB/scripts

VEL MAX = 10

TOL = 0.2

NUMDIF = 3

SCALE = 1500000

PAIRS = /home/user/Landsat8/Pairs/landsat8 pairs.txt

Parameter descriptions:

UTM ZONE: Number of UTM zone to use (imagery will be reprojected to this

zone if not already projected in it)

UTM LETTER: Letter of UTM zone (for use by GMT scripts)

ICE: Path to GMT polygon file containing glacier outlines projected in

UTM ZONE. Outlines for many regions available via Global Land Ice Measure-
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ments from Space (GLIMS, www.glims.org).

ROCK: Path to GMT polygon file containing internal rock outlines projected in

UTM ZONE.

METADATA DIR: Directory containing metadata, metadata files MUST have

the same identifier as image files e.g., if image file is LC81760062014211LGN00 B8.TIF,

metadata file MUST be LC81760062014211LGN00 MTL.txt

PAIRS DIR: Directory where all file created by this script will be writ-

ten. A separate directory will be created for each pair, with the following

format: YYYYMMDDHHMMSS YYYYMMDDHHMMSS The first date/time-

stamp corresponds to the later image in the pair, the second to the earlier image

DO NOT MODIFY the pair directory names created by the script if you expect

the script to work

PROCESSORS: Number of processors to use when running “ampcor” To find

the number of “processors” available on your machine (if you are using linux),

enter the command “top” then type the number “1” NOTE: You can enter any

number here, but if that number is higher than the number of “processors”

available on your machine you will not see a performance increase.

RESOLUTION: Resolution of the input imagery in meters (e.g., “15” for band

8 of Landsat 7 and 8).

SNR CUTOFF: Signal-to-noise ratio threshold, * filt.grd velocity grids created

by the script during post-processing will be clipped so that all pixels with an

SNR below this threshold are masked out.

DEM GRD: Path to NetCDF grid file of elevations projected in UTM ZONE.
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MAKE SURE this covers the maximum extent of the imagery if you plan on

using motion-elevation corrected results. Motion-elevation correction cannot

be performed where the elevation is unknown.

PREFILTER: Set to True if you are using IDLDE to perform gaussian high-pass

filtering using the gausshighpassgausstretch.pro script. If you set this to “True”

DO NOT modify the file names created by the *.pro script, let landsatPX.py deal

with it. NOTE: This is often not necessary for Landsat 7 and 8.

REF X: Reference window size in pixels for the longitude/width/columns/samples

direction. NOTE: 32 has proved successful, but you may wish to modify, e.g., a

smaller window for smaller glaciers/faster processing.

REF Y: Reference window size in pixels for the latitude/length/rows/lines di-

rection. NOTE: 32 has proved successful, but you may wish to modify, e.g., a

smaller window for smaller glaciers/faster processing.

SEARCH X: Search window size in pixels for the longitude/width/columns/samples

direction. Set this so that it is twice the maximum offset (maximum velocity

multiplied by time interval, then divided by RESOLUTION).

SEARCH Y: Search window size in pixels for the latitude/length/rows/lines

direction. Set this so that it is twice the maximum offset (maximum velocity

multiplied by time interval, then divided by RESOLUTION).

STEP: Pixel-tracking is performed every STEP pixels. The smaller this number,

the higher resolution the velocity results will be and the longer “ampcor” will

take to run.

M SCRIPTS DIR: Directory containing the Matlab scripts “noiseremoval.m”,
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“remloners.m”, “remnoise.m”, “grdread2.m”, “grdwrite2.m” NOTE: This is not

necessary for processing.

VEL MAX: Maximum velocity threshold (in m/day) for use by “noisere-

moval.m”. Velocities above this value will be clipped for * filt.grd files. Lower

values filter out MORE, higher values filter out LESS. NOTE: This applies to

E-W and N-S velocities, NOT to overall speed.

TOL: Adjacent pixels whose velocity is within TOL*VEL MAX are considered

“similar” pixels. For example, if TOL is 0.2 and VEL MAX is 10, pixels that are

with 2 m/day of each other are considered “similar”. Lower values filter out

MORE, higher values filter out LESS. This is used in conjunction with NUMDIF

(see below).

NUMDIF: The minimum number of “similar” pixels that must “adjacent” to

the pixel being considered. If less than this number of “similar” adjacent pixels

are found, the pixel will be filtered out of the * filt.grd velocity results. Lower

values filter out LESS, higher values filter out MORE.

SCALE: Scale to be used by GMT when plotting results, 1500000 often works

for an entire Landsat 8 image.

PAIRS: Path to two-column ASCII text file listing image pair paths. Each row

corresponds to an image pair, containing two entries that are paths to each im-

age in the pair.

Output:

A directory will be created in the “PAIRS DIR” directory for each valid pair

given in the “PAIRS” file with the following format:

253



YYYYMMDDHHMMSS YYYYMMDDHHMMSS

The first date/time-stamp corresponds to the later image in the pair, the second

to the earlier image. DO NOT MODIFY the pair directory names created by the

script or the filenames created by this script if you expect the script to work.

The following results will be created in these directories if the script runs suc-

cessfully:

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * eastxyz.txt: UTM East-

ing, UTM Northing, E-W offset in meters, SNR (space-delimited)

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * northxyz.txt: UTM

Easting, UTM Northing, N-S offset in meters, SNR (space-delimited)

These are 4-column ASCII text files containing the E-W and N-S OFFSETS

in METERS (NOT velocities). The first column is longitude (UTM easting), the

second is latitude (UTM northing), the third is offset in meters, the fourth is

signal-to-noise ratio.

Unfiltered NetCDF grid files containing VELOCITIES in METERS PER DAY will

be created from the ASCII text files:

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * eastxyz.grd: E-W ve-

locities (NOTE: MAY NEED TO MULTIPLY BY -1)

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * northxyz.grd: N-S ve-

locities

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * mag.grd: Speeds from

E-W and N-S velocities

A NetCDF grid file containing the SNRs will be created as well:

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * snrxyz.grd: SNRs

An image of the speeds will be created, as well as a file containing the GMT
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commands used to create the image (if you’d like to modify it to create your

own image):

YYYYMMDDHHMMSS YYYYMMDDHHMMSS mag.pdf: PDF image of

speeds

YYYYMMDDHHMMSS YYYYMMDDHHMMSS image.gmt: GMT com-

mands used to create “YYYYMMDDHHMMSS YYYYMMDDHHMMSS mag.pdf”

If filtering scripts are present, filtered files will be created corresponding to each

of the unfiltered files:

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * eastxyz filt.grd: Fil-

tered E-W velocities

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * northxyz filt.grd: Fil-

tered N-S velocities

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * mag filt.grd: Speeds

from filtered E-W and N-S velocities

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * mag filt.pdf: PDF im-

age of filtered speeds

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * image filt.gmt: GMT

commands used to create “YYYYMMDDHHMMSS YYYYMMDDHHMMSS mag filt.pdf”

If a DEM is specified, motion-elevation corrected files will be created from ei-

ther the filtered (if present) or unfiltered velocities:

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * eastxyz* corrected.grd:

Filtered E-W velocities

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * northxyz* corrected.grd:

Filtered N-S velocities

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * mag* corrected.grd: Speeds
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from filtered E-W and N-S velocities

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * mag* corrected.pdf: PDF

image of filtered speeds

YYYYMMDDHHMMSS YYYYMMDDHHMMSS * image* corrected.gmt:

GMT commands used to create “YYYYMMDDHHMMSS YYYYMMDDHHMMSS mag filt.pdf”

E.3 Synthetic Aperture Radar (SAR)

sarPX.py

Description:

Performs pixel-tracking on SAR imagery. Currently supports ERS, ALOS

and TerraSARX.

Dependencies:

Packages/Software:

Python (including numpy, scipy, pylab, matplotlib)

ROI PAC (“ampcor”)

Perl

GDAL

GMT

sed

gawk

Scripts:

pxfuncs.py
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makeAzo.py

azo real.pl

Usage:

python sarPX.py sar params.txt start step end step

Parameters:

start step/end step: Valid start and end steps, can be one of the following:

“uncompress”, “preraw”, “makeraw”, “setup”, “baselines”, “offsets”, “am-

pcor”, “make unw”, “affine”, “geocode”

The steps are listed in order, make sure “start step” is BEFORE “end step”

on the above list.

sar params.txt: ASCII text file setting parameters used by scripts.

Example parameters file:

:::::::::::::::::::::::::::

/path/to/alos params.txt

:::::::::::::::::::::::::::

WorkPath = /data/username123/ALOS

DEM = /data/username123/DEM/my favorite dem.dem

MaxBaseline = 2000

MinDateInterval = 45

MaxDateInterval = 47

DataType = ALOS

Angle = 34.3

rwin = 40
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awin = 80

search x = 16

search y = 16

wsamp = 4

numproc = 2

Parameter descriptions:

WorkPath: Directory to work in, this should contain the files necessary to pro-

cess from “start step” to “end step”. The requirements will vary from step to

step. NOTE: A different directory should be set up for different paths/tracks,

the script will NOT distinguish between scenes from different paths/tracks

when applying the criteria described below.

DEM: DEM to use, should be the same format as DEMs used for standard

ROI PAC processing (often get SRTM3.pl can be used to obtain a properly-

formatted DEM).

MaxBaseline: Pairs with an average perpendicular baseline above this value

will NOT be processed further (the script checks this against the values in the

*baseline*.rsc file).

MinDateInterval: Minimum date interval, pairs with a separation time BELOW

this value will NOT be processed.

MaxDateInterval: Maximum date interval, pairs with a separation time

ABOVE this value will NOT be processed.

DataType: The sensor/satellite that the data was acquired by, can be “ALOS”,

“ERS”, or “TSX”.
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Angle: Look angle of the satellite, for “TSX” data type this value is determined

from the metadata.

rwin: Reference window size in the range direction (in pixels), should reflect

the “pixel ratio” calculated for this pair. “pixel ratio” is the ratio of the ground

pixel size in the range direction to the ground pixel size in the azimuth direction.

awin: Reference window size in the azimuth direction (in pixels), should reflect

the “pixel ratio” calculated for this pair.

search x: Search window size in the range direction (in pixels), should be set to

capture the maximum expected motion.

search y: Search window size in the range direction (in pixels), should be set to

capture the maximum expected motion.

wsamp: Determines the sampling frequency, which will be rwin/wsamp in the

range direction and awin/wsamp in the azimuth. For the example above, the

values would result in the offset being calculated every 10 pixels in the range

direction and every twenty in the azimuth direction. The pixel-tracking output

would therefore be downsampled by a factor of 10 in the range and 20 in the

azimuth relative to the full-resolution “*.slc” files.

numproc: Number of processors to run on, for Linux or MacOS-X use the com-

mand “top” then enter “1” to check how many “processors” there are.

Summary:

These parameters are set up to run ALOS pairs in the directory

/data/username123/ALOS, using two processors for EACH pair. Only pairs
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with a baseline below 2000 and a separation time of 46 days are run.

Example run for ALOS:

“/data/username123/ALOS” contains uncompressed ALOS data files of

the form “ALPS*.zip” (and does NOT contain any other files, for now). Create

the file “params.txt” in “/data/username123/ALOS” and use the values given

in the example parameters file above. Run “cd /data/username123/ALOS”

then run “python /path/to/pixelTrack.py params.txt uncompress preraw”.

Make sure you are ALWAYS in “/data/username123/ALOS” when running

the pixel-tracking script. The result should be that the zip files are unzipped

and also copied to a newly-created backup folder named “ARCHIVE”.

Next run “python /path/to/pixelTrack.py params.txt preraw makeraw”

The result should be that the contents of the files unzipped in the last step are

moved to their appropriately-labeled 6-digit date directories (YYMMDD), ready

for the “makeraw” step.

Next run “python /path/to/pixelTrack.py params.txt makeraw setup”. The

result should be that the appropriate ROI PAC “make raw*.pl” script is run, and

*.raw files created in each 6-digit date folder.

Next run “python /path/to/pixelTrack.py params.txt setup baselines”. The

result should be that “int date1 date2” directories and “*.proc” files are set up

for date pairs that meet the criteria given in “params.txt”.

Next run “python /path/to/pixelTrack.py params.txt baselines offsets”.

The result should be that a “*baseline.rsc” file is created for each pair.

Next run “python /path/to/pixelTrack.py offsets ampcor”. This step NOT

260



the pixel-tracking step, rather, it is part of the standard ROI PAC processing that

coregisters the “*.slc” files (SAR images) for each pair.

Next run “python /path/to/pixelTrack.py ampcor make unw”. This will

set up everything so that the pixel-tracking can be run, and then will out-

put the commands necessary to perform the pixel-tracking to the screen. The

user then manually runs the commands by copying the output of this step

and pasting it in the command line. ALTERNATIVELY, you can run “python

/path/to/pixelTrack.py ampcor make unw ¿ run amp.cmd”, the “chmod u+x

run amp.cmd”, then “./run amp.cmd”.

Next run “python /path/to/pixelTrack.py make unw affine”. The result

will be “azimuth*.unw”, “range*.unw”, and “snr*.unw” files for each pair that

contain the azimuth offsets, range offsets and signal-to-noise ratios, respectively.

Next run “python /path/to/pixelTrack.py affine geocode”. This will run a

slightly modified version of several ROI PAC scripts that will find and save the

affine transformation parameters between the DEM and the radar to be used in

geocoding. The result should be a “*.aff” file for each pair.

Next run “python /path/to/pixelTrack.py geocode”. This will create

“geo azimuth*.unw”, “geo range*.unw” and “geo snr*.unw” files for each pair

that contain the geocoded azimuth offsets, range offsets and signal-to-noise ra-

tios, respectively.

geoPX2UTM.py

Description:

Creates UTM-projected E-W and N-S velocities from georeferenced azimuth
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and range offsets that are long/lat.

Dependencies:

Packages/Software:

Python

GMT

Usage:

python geoPX2UTM.py azimuth offsets grid range offsets grid snr grid

glacier outlines internal rock outlines output resolution minimum snr utm zone with letter

Example:

python geoPX2UTM.py /path/to/geo azimuth.grd /path/to/geo range.grd

/path/to/geo snr.grd /path/to/IceOutlines utm8v.gmt /path/to/RockOutlines utm8v.gmt

50 0 8V

Parameters:

/path/to/geo azimuth.grd: Path to NetCDF-file containing georeferenced az-

imuth offsets in centimeters. NOTE: this grid, geo range.grd and geo snr.grd

must all have the same geographic extent and resolution.

/path/to/geo range.grd: Path to NetCDF-file containing georeferenced range

offsets in centimeters.

/path/to/geo snr.grd: Path to NetCDF-file containing georeferenced signal-to-

noise ratio (SNR) values.

output resolution: Resolution of the output (in meters), this should be set to a

large enough value to avoid gaps.
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minimum snr: Minimum SNR, all offsets below this SNR will not be included

in the output.

glacier outlines: Path to GMT-polygon file containing glacier outlines with CO-

ORDINATES IN THE UTM ZONE GIVEN TO THE SCRIPT.

internal rock outlines: Path to GMT-polygon file containing internal rock out-

lines with COORDINATES IN THE UTM ZONE GIVEN TO THE SCRIPT.

utm zone with letter: Number and letter of the UTM zone that output will be

projected in.

Output:

The primary outputs of this script are:

YYYYMMDDHHMMSS YYYYMMDDHHMMSS eastxyz.grd

YYYYMMDDHHMMSS YYYYMMDDHHMMSS northxyz.grd

These files contain the E-W and N-S VELOCITIES in meters per day pro-

jected in the UTM zone and with the output resolution given.
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APPENDIX F

SURFACE ELEVATION CHANGE ( DH
DT ) SCRIPTS

weightedRegression.py

Dependencies:

Python (with numpy, scipy, pylab, and matplotlib)

Usage:

python weightedRegression.py /path/to/elevs.txt output label min year

max year upper threshold lower threshold

Parameters:

/path/to/elevs.txt: Path to five-column ASCII text file, first column is UTM east-

ing, second is UTM northing, third is elevation, fifth is date in decimal years,

sixth is elevation uncertainty (typically standard deviation of off-ice elevation

differences with some reference surface). Each geographic point should be sep-

arated by a line with only the ”>” character (like a GMT polygon file).

output label: If “output label” is “glacier”, “upper threshold” is “5”, and

“lower threshold” is “10”, then the file created will be “glacier p5m10.txt”.

min year: Only dates more recent than “min year” will be considered.

max year: Only dates earlier than “max year” will be considered.

upper threshold: Maximum allowed positive deviation (moving forward in

time) from reference elevation in meters per year. For example, if the reference

elevation at a point is 150 m in 2005.00 and “upper threshold” is “5”, then an

elevation from 2006.00 must be less than 155 m and an elevation from 2004.00
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must be greater than 145 m.

lower threshold: Maximum allowed negative deviation (moving forward in

time) from reference elevation in meters per year. For example, if the reference

elevation at a point is 150 m in 2005.00 and “lower threshold” is “10”, then an

elevation from 2006.00 must be greater than 140 m and an elevation from 2004.00

must be less than 160 m.

Output:

The file created by the script (in the directory it is run) is named accord-

ing to the input parameters. For example, if “output label” is “glacier”, “up-

per threshold” is “5”, and “lower threshold” is “10”, then the file created will

be “glacier p5m10.txt”. This file has 15 columns:

1) UTM easting

2) UTM northing

3) Surface elevation change rate (dh
dt )

4) Surface elevation change rate uncertainty (one standard deviation)

5) Intercept

6) Intercept uncertainty

7) Number of elevations incorporated into the regression

8) Date of median elevation incorporated into the regression (decimal years)

9) Median elevation incorporated into the regression

10) Uncertainty of median elevation incorporated into the regression (one stan-

dard deviation)

11) Date of first elevation incorporated into the regression (in time, decimal

years)

12) First elevation incorporated into the regression (in time)
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13) Date of last elevation incorporated into the regression (in time, decimal

years)

14) Last elevation incorporated into the regression (in time)

15) Interval between first and last elevation incorporated into the regression (in

decimal years)

variance.py

Description:

Creates a two-column ASCII text file, first column is width, second is vari-

ance of input NetCDF grid at that width. Also creates command files that con-

tain commands to calculate and output variance for input NetCDF grid file. Pro-

cessing will be distributed relatively evenly between command files. Intended

to help determine the width at which off-ice dh
dt are no longer correlated (vari-

ance stops changing significantly), so input NetCDF grid file should be off-ice

dh
dt .

Dependencies:

Python

GMT

Usage:

python variance.py grid path interval max width processors

Example:

python variance.py /path/to/random icefield dhdt p5m10 off ice.grd 90

3600 4
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Parameters:

python /path/to/random icefield dhdt p5m10 off ice.grd: Path to NetCDF

gird file containing off-ice dh
dt , should be projected in meters. NOTE: You must

manually mask out ice coordinates from this file, e.g., using “gmtselect” in con-

junction with a GMT polygon file containing glacier outlines.

interval: The variance will be calculated from “interval” to “max width” every

“interval” units (should be meters).

max width: Variance will be calculated up to max width.

processors: Must be an integer, this number of command files will be made (as

well as one overall command file), with processing burden distributed relatively

evenly among the command files.

Output:

var #.cmd: Command files that will calculate the variance for various widths.

The number of these command files given by the “processors” variable.

run vars.cmd: Command file that runs all of the “var #.cmd” files.

random icefield dhdt p5m10 off ice variance.txt: Two-column ASCII text file,

first column is width, second is variance of input NetCDF grid at that width.

dhdtPointPlot.py

Description:

Reads KML file, ASCII text file containing elevations at each pixel (same as
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input for “weightedRegression.py”), TIF containing dh
dt at each pixel, and ASCII

text file containing dh
dt (must be output of “weightedRegression.py”). Creates

plot (PDF) of date versus elevation for each point in the KML-file, with dh
dt for

each point plotted as a line on the date-elevation plot and a map of dh
dt for the

area defined by the ice outlines given as input.

Dependencies:

Python

GMT

GDAL

Usage:

python dhdtPointPlot.py kml path points path ecrs tif path ecrs txt path

ice bounds path rock bounds path utm zone

Example:

python dhdtPointPlot.py /path/to/dhdt points.kml /path/to/ice values.txt

/path/to/icefield dhdt p5m10 ice only.tif /path/to/icefield dhdt p5m10 ice only.txt

/path/to/Ice utm8v.gmt /path/to/Rock utm8v.gmt 8

Parameters:

/path/to/dhdt points.kml: Path to KML file containing ONLY coordinates to be

plotted.

/path/to/ice values.txt: Path to ASCII text file containing elevations at each

point (must same format as input for “weightedRegression.py”).

/path/to/icefield dhdt p5m10 ice only.tif: Path GeoTIFF file containing dh
dt .
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/path/to/icefield dhdt p5m10 ice only.txt: Path to ASCII text file containing dh
dt

(must be same format as output of “weightedRegression.py”).

/path/to/Ice utm8v.gmt: Path to ASCII GMT-polygon file containing ice outlines

projected in “utm zone”.

/path/to/Rock utm8v.gmt: Path to ASCII GMT-polygon file containing internal

rock outlines projected in “utm zone”.

utm zone: Number indicating UTM zone of all input.

Output:

“dhdt points.pdf”, a plot of elevations by date for each point provided

in the input KML file, as well as the dh
dt overlain as a line for each point

and a map of dh
dt for the extents of the ice outlines provided. Also creates

“dhdt points selected.txt”, an ASCII file containing the elevations at each point

provided in “dhdt points.kml”.
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APPENDIX G

ADDITIONAL SCRIPTS

aarPlot.py

Description:

Reads NetCDF-grid of elevations and makes plot of area percentage (x-axis)

versus elevation (y-axis). Also plots three points given as input parameters.

Dependencies:

Python

GMT

Usage:

python aarPlot.py elevs grd path ela1 ela2 ela3

Example:

python kml2txt.py /path/to/glacier elevs.grd 800 1000 1200

Parameters:

/path/to/glacier elevs.grd: Path to NetCDF-grid file of elevations (should only

contain elevations over glaciated area).

ela1: Integer indicating lower-bound ELA.

ela2: Integer indicating middle ELA, typically this is the “actual” ELA of the

glacier/icefield for the time period of interest.

ela3: Integer indicating upper-bound ELA.
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Output:

“glacier elevs AAR.pdf”, a plot of glacier area (x-axis) versus elevation (y-

axis). Also creates “glacier elevs.txt”, a two-column ASCII text file, the first

column is elevation, the second is percentage of area below that elevation.

gmt2kml.py

Description:

Reads ASCII GMT-polygon file and creates KML-polygon file.

Dependencies:

Python

Usage:

python gmt2kml.py gmt path

Example:

python gmt2kml.py /path/to/glacier.gmt

Parameters:

/path/to/glacier.gmt: Path to ASCII GMT-polygon file containing coordinates to

be contained in KML output file.

Output:

The output of this script is “glacier polygon.kml”, a KML-polygon file con-

taining the coordinates in “/path/to/glacier.gmt”.
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kml2txt.py

Description:

Reads KML file and writes coordinates to two-column ASCII text file (space-

separated longitude, latitude).

Dependencies:

Python

Usage:

python kml2txt.py kml path output path

Example:

python kml2txt.py /path/to/glacier transect.kml /path/to/glacier transect.txt

Parameters:

/path/to/glacier transect.kml: Path to KML-file.

/path/to/glacier transect.txt: Path to output file, coordinates will be written to

this path. The file will contain two columns separated by the space character,

the first column will be the first of longitude/latitude from the coordinate pairs

in the KML-file.

Output:

The output of this script is “/path/to/glacier transect.txt”, a two-column

space-separated file containing the longitudes in one column and the latitudes

in the other (typically, longitude will be the first column).
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ps2kml.py

Description:

Reads “.ps” file created using “grdimage” and creates a KML file (with asso-

ciated PNG).

Dependencies:

Python

GMT (if input “.ps” file is projected in UTM).

Usage:

python ps2kml.py ps path [utm zone]

Example:

python ps2kml.py /path/to/glacier.ps 8V

Parameters:

/path/to/glacier.ps: Postscript image created using “grdimage”.

utm zone: Number-letter combination indicating UTM zone, only provide if

“.ps” file was projected in UTM. NOTE: If provided, the script will try to run

“mapproject”, so GMT MUST be installed.

Output:

“/path/to/glacier.kml” and “/path/to/glacier.png”, opening the KML file

in Google Earth should display the PNG file in the appropriate location.

hypsometryDHDT.py
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Description:

Creates PDF plot of dh
dt by elevation (for 10 m elevation bins) from output of

“weightedRegression.py”.

Dependencies:

Python

GMT

Usage:

python hypsometryDHDT.py dhdt txt path

Example:

python hypsometryDHDT.py /path/to/random icefield dhdt p5m10 ice only.txt

Parameters:

python /path/to/random icefield dhdt p5m10 ice only.txt: Path to ASCII out-

put file of “weightedRegression.py”, see documentation of that script for de-

tails. NOTE: You must manually mask out off-ice coordinates from this file, e.g.,

using “gmtselect” in conjunction with a GMT polygon file containing glacier

outlines.

Output:

random icefield dhdt p5m10 ice only hyp.txt: Five-column ASCII text file.

The first column is the bottome of the elevation bin in meters, the second is

area of that elevation bin in square kilometers, the third is the volume change

rate for that elevation bin (in cubic kilometers per year), the fourth is the uncer-

tainty of the volume change rate for that elevation bin, the fifth is the average

elevation change rate (in meters per year) for that elevation bin.
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random icefield dhdt p5m10 ice only hyp dhdt.pdf: PDF plot of average ele-

vation change rate (in meters per year) by elevation (in meters).

profile.py

Description:

Reads KML file and list of NetCDF grid files, creates profiles (PDF image) of

NetCDF grid files along path in KML file.

Dependencies:

Python

GMT

Usage:

python profile.py kml profile list of grids utm zone utm letter den-

sify factor glacier outlines internal rock outlines

Example:

python profile.py /path/to/glacier profile.kml grid paths.txt 8 V 2

/path/to/IceOutlines utm8v.gmt /path/to/RockOutlines utm8v.gmt

Parameters:

/path/to/glacier profile.kml: Path to KML-file that contains the coordinates of

the profile (and NO additional coordinates).

grid path.txt: Path to file that contains a list of the NetCDF-format grids to be

profiled (one grid path per line, NO EMPTY LINES).

utm zone: Number of the UTM zone that the profile/grids are in.
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utm letter: Letter of the UTM zone (indicates northern or southern hemi-

sphere).

densify factor: If this is set to “1”, the grids will be sampled at each coordinate

in the kml file. For values of “2” or greater the kml profile will be “densified”, i.e.

between each pair of consecutive coordinates in the kml file (densify factor) - 1

points will be linearly interpolated. The grids will be sampled at the coordinates

in the kml file and the interpolated coordinates.

glacier outlines: Path to GMT-polygon file containing glacier outlines with CO-

ORDINATES IN THE UTM ZONE GIVEN TO THE SCRIPT.

internal rock outlines: Path to GMT-polygon file containing internal rock out-

lines with COORDINATES IN THE UTM ZONE GIVEN TO THE SCRIPT.

Output:

The primary output will be a PDF file called “glacier profile.pdf” (the same

name as the kml file). This script will also create ASCII files that are profiles of

each of the grids given, as well an ASCII file containing only the profile coordi-

nates and distances.
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X. Li, B. Menounos, A. Mercer, N. Mölg, P. Mool, G. Nosenko, A. Negrete,

C. Nuth, R. Pettersson, A. Racoviteanu, R. Ranzi, P. Rastner, F. Rau, B. Raup,

J. Rich, H. Rott, C. Schneider, Y. Seliverstov, M. Sharp, O. Sigursson, C. Stokes,

R. Wheate, S. Winsvold, G. Wolken, F. Wyatt, and N. Zheltyhina (2012), Ran-

dolph Glacier Inventory A Dataset of Global Glacier Outlines: Version 3.2,

Tech. rep., Global Land Ice Measurements from Space, Boulder Colorado,

USA.

Arendt, A., S. Luthcke, A. Gardner, S. O’Neel, D. Hill, G. Moholdt, and W. Ab-

277



dalati (2013), Analysis of a GRACE global mascon solution for Gulf of Alaska

glaciers, Journal of Glaciology, 59(217), 913–924, doi:10.3189/2013JoG12J197.

Arendt, A. A., K. A. Echelmeyer, W. D. Harrison, C. S. Lingle, and V. B. Valentine

(2002), Rapid wastage of Alaska glaciers and their contribution to rising sea

level., Science (New York, N.Y.), 297(5580), 382–6, doi:10.1126/science.1072497.

Aster, R. C., B. Borchers, and C. H. Thurber (2005), Parameter Estimation and

Inverse Problems, 1–301 pp., Elsevier Inc., Burlington, MA.

Bamber, J. L., and A. Rivera (2007), A review of remote sensing methods for

glacier mass balance determination, Global and Planetary Change, 59(1-4), 138–

148.

Barbot, S., Y. Hamiel, and Y. Fialko (2008), Space geodetic investigation of the

coseismic and postseismic deformation due to the 2003 M w 7.2 Altai earth-

quake: Implications for the local lithospheric rheology, Journal of Geophysical

Research, 113(B3), 1–15, doi:10.1029/2007JB005063.

Bechor, N. B. D., and H. A. Zebker (2006), Measuring two-dimensional move-

ments using a single InSAR pair, Geophysical Research Letters, 33, 1–5, doi:

10.1029/2006GL026883.

Benn, D. I., and D. J. Evans (1998), Glaciers & Glaciology, 1–734 pp., Oxford Uni-

versity Press Inc., New York.

Benn, D. I., C. R. Warren, and R. H. Mottram (2007), Calving processes and

the dynamics of calving glaciers, Earth-Science Reviews, 82, 143–179, doi:

10.1016/j.earscirev.2007.02.002.

Berthier, E., Y. Arnaud, D. Baratoux, C. Vincent, and F. Rémy (2004), Recent
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