t CORE

Provided by RERO DOC Digital Library

which should be cited to refer to this work.

/ldoc.rero.ch

http

Variations in Alaska tidewater glacier frontal ablation,
1985-2013

R.W. McNabb’, R. Hock"2, and M. Huss3*

1Geophysical Institute, University of Alaska Fairbanks, Fairbanks, Alaska, USA, 2Department of Earth Sciences, Uppsala
University, Uppsala, Sweden, 3Laboratory of Hydraulics, Hydrology and Glaciology, ETH Zurich Zurich, Switzerland,
4Department of Geosciences, University of Fribourg, Fribourg, Switzerland

Abstract our incomplete knowledge of the proportion of mass loss due to frontal ablation (the sum

of ice loss through calving and submarine melt) from tidewater glaciers outside of the Greenland and
Antarctic ice sheets has been cited as a major hindrance to accurate predictions of global sea level rise.

We present a 28 year record (1985-2013) of frontal ablation for 27 Alaska tidewater glaciers (representing
96% of the total tidewater glacier area in the region), calculated from satellite-derived ice velocities and
modeled estimates of glacier ice thickness. We account for cross-sectional ice thickness variation, long-term
thickness changes, mass lost between an upstream fluxgate and the terminus, and mass change due to
changes in terminus position. The total mean rate of frontal ablation for these 27 glaciers over the period
1985-2013is 15.11 + 3.63 Gta~'. Two glaciers, Hubbard and Columbia, account for approximately 50% of
these losses. The regional total ablation has decreased at a rate of 0.14 Gta~" over this time period, likely due
to the slowing and thinning of many of the glaciers in the study area. Frontal ablation constitutes only ~4%
of the total annual regional ablation, but roughly 20% of net mass loss. Comparing several commonly used
approximations in the calculation of frontal ablation, we find that neglecting cross-sectional thickness
variations severely underestimates frontal ablation.

1. Introduction

Despite comprising less than 1% of all glacier ice on Earth, mountain glaciers and ice caps (those bodies of
ice separate from the main Greenland and Antarctic ice sheets) are currently responsible for roughly half of
the total cryospheric contribution to sea level rise [Gardner et al., 2013]. Although improvements have been
made in recent years, our incomplete understanding of frontal ablation hinders attempts to accurately pre-
dict global glacier mass change and to make scenario-based projections of the cryospheric contribution to
sea level rise [Intergovernmental Panel on Climate Change, 2013]. Recent studies have indicated that frontal
ablation and surface mass balance contribute roughly equal shares of the net mass loss from the Greenland
Ice Sheet [Rignot and Kanagaratnam, 2006; Rignot et al., 2008b; van den Broeke et al., 2009; Enderlin et al.,
2014], and frontal ablation is the majority of the mass loss from the Antarctic ice sheets [Rignot, 2006; Rignot
et al., 2008a]. Owing to the complicated nature of the mechanisms behind both calving and submarine melt,
however, accurate models and predictions of frontal ablation do not exist.

Estimates of frontal ablation of glaciers other than the ice sheets are scarce, although some do exist. Stud-
ies have shown that frontal ablation is an important component of the mass balance of individual glaciers
and ice caps in the Arctic and Antarctic [e.g., Burgess et al., 2005; Dowdeswell et al., 2008; Moholdt et al., 2010;
Nuth et al., 2012; Osmanoglu et al., 2013, 2014; Van Wychen et al., 2014]. On a regional level, frontal abla-
tion has been estimated to be approximately 30% of the total net mass loss from the Svalbard archipelago
[Hagen et al., 2003; Btaszczyk et al., 2009].

Recent studies, employing a variety of techniques, have shown Alaska glaciers to be significant contributors
to global sea level rise, in excess of 0.1 mma~' [e.g., Arendt et al., 2002; Meier and Dyurgerov, 2002; Meier

et al., 2007; Luthcke et al., 2008; Berthier et al., 2010; Dyurgerov, 2010; Gardner et al., 2013]. Only one study
[Burgess et al., 2013] has estimated frontal ablation on a regional level for Alaska, though this estimate is
short term (2007-2010) and based on coarse estimates of ice thickness. Since achieving their Little Ice Age
maximum extents between A.D. 1750 and 1900, most tidewater glaciers in the region have been retreating,
although several have been thickening and advancing in recent decades [Calkin et al., 2001; Larsen et al.,
2007; McNabb and Hock, 2014].
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Figure 1. Ice extent (black) and mean frontal ablation rate for the period 1985-2013 for the 27 tidewater glaciers in this
study. Other glaciers in the region are shown in white.

In order to investigate the importance of frontal ablation to Alaska tidewater glaciers, this study estimates
surface velocities and rates of frontal ablation at 27 Alaska tidewater glaciers over the period 1985-2013
and for the first time presents a time series of regional-scale frontal ablation. Using a collection of Landsat
images acquired between 1985 and 2013, we apply an offset tracking algorithm to calculate fields of
surface velocity for each glacier. We then use these surface velocities to iteratively constrain ice thickness
using a physically based method to calculate ice thickness from surface characteristics and ice flux
considerations [Huss and Farinotti, 2012]. We estimate frontal ablation using these surface velocity and ice
thickness profiles, and in contrast to other studies that employ a fluxgate method, we adjust for both surface
mass balance and ice thickness change over time and account for volume change due to changes in
terminus position using previously estimated glacier lengths [McNabb and Hock, 2014]. We compare several
commonly used approximations of frontal ablation to determine the overall effect of each approximation
on the estimates of frontal ablation. Finally, we investigate the role frontal ablation plays in the regional
mass budget.

2, Study Area

Glaciers in Alaska (including adjacent glaciers in the Yukon and British Columbia; hereafter “Alaska glaciers”)
cover a total area of 86,715 km? (all area estimates taken from the Randolph Glacier Inventory (RGI) v3.2
[Pfeffer et al., 2014]). A total of 59 glaciers, representing approximately 13.5% of the total glacier area, have
been identified as either currently or formerly tidewater [Viens, 1995; Molnia, 2008]; for this study we con-
sider a subset of 27 glaciers that have large, active calving fronts and most likely represent the vast majority
of loss due to frontal ablation in the region (Figure 1). These 27 glaciers cover approximately 11,000 km?
(representing 96% of the total tidewater glacier area or 12.6% of the total glacier area) and range in size
from 23 km? (Beloit Glacier) to over 3400 km? (Hubbard Glacier). While most tidewater glaciers in the region
have retreated since the end of the Little Ice Age, many have stabilized or begun to readvance; overall, there
is little coherence in the regional behavior of these glaciers [McNabb and Hock, 2014]. Information about
individual glaciers is given in Table 1.

The three largest tidewater glaciers in the region are Hubbard, Yahtse, and Columbia, which make up
~50% of the total tidewater area. Hubbard Glacier is the largest temperate tidewater glacier in the world,
at over 3400 km?. It is also one of only a handful of Alaska tidewater glaciers that are currently advancing,
which it has done since reaching its post-Little lce Age minimum extent circa 1895 [Trabant et al., 2003;



Table 1. General Statistics for Glaciers Studied®

Area dL/dt v F F Flux
Name (km?2) Number of Pairs (ma™") (md=") (Gta™") (mw.e.a ") (Gta™") Reg. Pct.
Hubbard 3402 282 23 2.65 3.63+0.87 1.07 43 24.0
Yahtse 1084 142 67 3.70 1.15+0.28 1.06 1.3 7.6
Columbia 944 150 -519 3.75 3.70 +0.89 3.92 2.6 24.5
Dawes 604 131 —62 1.75 0.54+0.13 0.89 0.6 3.6
Grand Pacific 565 46 -5 0.65 0.05+0.01 0.09 0.1 0.3
South Sawyer 565 153 —157 1.65 0.50+0.12 0.89 0.5 33
Harvard 527 109 16 1.46 0.47 +£0.11 0.90 0.6 3.1
LeConte 482 92 -30 2.85 0.96 +0.23 2.00 1.0 6.4
Chenega 392 100 -2 0.46 0.17 £ 0.04 0.44 0.2 1.1
Johns Hopkins 254 105 12 2.21 0.55+0.13 2.16 0.6 3.6
Guyot 220 100 =111 3.28 0.66 +0.16 2.99 0.7 4.3
Tsaa 203 120 11 3.52 0.39+0.09 1.92 0.4 2.6
Margerie 182 132 -1 0.90 0.04 +0.01 0.25 0.1 0.3
Turner 177 100 —-58 1.73 0.30+0.07 1.69 0.4 2.0
Yale 165 123 —-15 1.94 0.40+0.10 243 0.4 2.7
Northwestern 161 130 8 0.99 0.12+0.03 0.76 0.1 0.8
Meares 149 89 2 1.44 0.17 + 0.04 1.14 0.2 1.1
Eyndall 145 165 -1 1.04 0.27 +0.07 1.87 0.2 1.8
wyer 145 173 —-141 0.60 0.09+0.02 0.65 0.1 0.6
cCarty 119 99 -29 1.08 0.16 + 0.04 1.34 0.2 1.1
@cBride 119 58 -120 0.78 0.08 +0.02 0.71 0.1 0.6
S=Rarry 106 112 —-175 1.60 0.16 + 0.04 1.48 0.2 1.0
@errise 77 100 7 1.00 0.10+0.02 1.32 0.1 0.7
Sdvialik 74 155 6 2.00 0.30+0.07 3.99 0.3 2.0
ackstone 68 121 3 0.79 0.03+0.01 0.50 0.0 0.2
olgate 56 146 -16 1.31 0.06 +0.02 1.13 0.1 0.4
eloit 23 95 21 1.30 0.03 +0.01 1.41 0.0 0.2
"l Glaciers 11,010 15.11 + 3.63 137 100.00
\‘

E aGlaciers are ordered by their area. Here number of pairs refers to the number of Landsat scene pairs used to derive the velocity record for the glacier, dL/dt

i the mean rate of change of glacier length over the period 1985-2013 (difference in length from start to end divided by length of time period; data from

abb and Hock [2014]), 7 is the mean surface ice velocity through the fluxgate, F is the mean rate of frontal ablation through the study period in both Gta~'

<J=abid meters water equivalent (m w.e.) a~' (divided by glacier area), flux is the mean ice flux through each gate in Gta~', and Reg. Pct. is the percentage contri-
ﬂjtion of that glacier’s frontal ablation to the regional total.

Motyka and Truffer, 2007; Ritchie et al., 2008; McNabb and Hock, 2014]. This advance, which is out of phase
with most Alaska tidewater glaciers, is driven by its extremely high-accumulation area ratio of 0.95 [Motyka
and Truffer, 2007]. Burgess et al. [2013] estimated that Hubbard loses about 2.7 Gta~' to frontal ablation
over the period 2007-2010, though this estimate is based on a fluxgate well upstream (~20 km) of

the current terminus where surface velocities are much lower, likely leading to an underestimation of
frontal ablation.

Yahtse Glacier is another of the glaciers in the region that are advancing, having done so since the
mid-1980s [McNabb and Hock, 2014]. In that time, it has advanced over 2 km, pushing forward a moraine
in relatively shallow (depth <100 m) water. Recent evidence [Bartholomaus et al., 2013] suggests that

a substantial portion (~50%) of the frontal ablation at Yahtse Glacier is due to submarine melting at

the grounded glacier front, similar to findings at LeConte Glacier in southeastern Alaska [Motyka et al.,
2003, 2013].

Much has been written about the retreat of Columbia Glacier, which began circa 1980 and continues
through the present [e.g., Krimmel, 2001; McNabb and Hock, 2014]. The glacier terminus has retreated over
20 km in that time, with Columbia losing over 50% of its mass and separating into dynamically distinct
branches [Meier and Post, 1987; Krimmel, 2001; O’Neel et al., 2005; Rasmussen et al., 2011; McNabb et

al., 2012]. Due to this retreat, Columbia is one of the largest single contributors to sea level rise in
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Alaska over the last 40 years, contributing ~6% of the total regional mass loss between 1962 and 2006
[Berthier et al., 2010].

3. Data

3.1. Satellite Images

We used Landsat images to derive surface ice velocities through offset tracking. Landsat 4 (1982-1993) and
5(1984-2013) scenes are available at 30 m resolution, while Landsat 7 (1999 to the present) and 8 (2013 to
the present) images are available at 15 m resolution. We compiled a set of 3078 Landsat scenes acquired
over Alaska between April 1985 and December 2013. Scenes were acquired with the Landsat 4 and 5
Thematic Mapper (TM) sensor (1984-2013), the Landsat 7 Enhanced Thematic Mapper Plus (ETM+) sensor
(1999-2013), and the Landsat 8 Operational Land Imager (OLI) sensor (2013). Each scene has been
georeferenced and orthorectified by the Landsat program; where needed, we manually applied corrections
to the georeferencing using manually selected ground control points. These corrections were needed for
fewer than 1% of the images used. Analysis of georeferencing has been performed by manually digitizing
static ground features in each image, which gives an accuracy of 30 m [McNabb and Hock, 2014].

3.2. Glacier Outlines and Digital Elevation Models

Our ice thickness estimation algorithm requires both glacier outlines and digital elevation models (DEMs) as
input. Glacier outlines mostly dating from 2009 to 2010 are taken from the RGI v3.3 [Pfeffer et al., 2014], and
DEMs at 30 m resolution have been compiled from Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) Global Digital Elevation Model (GDEM), Shuttle Radar Topography Mission (STRM),
Interferometric Synthetic Aperture Radar (IFSAR), or Satellite Pour 'Observation de la Terre (SPOT) source
data (for details, see Kienholz et al. [2014]), with an overall vertical accuracy of 8.7 m.

In order to account for changing ice thickness due to changing surface elevation at the terminus, we take
the glacier surface along the fluxgate from the National Elevation Dataset (typically dating from 1940s to
1950s imagery—we assume a date of 1950) and the most recently available DEM (2000-2011) [Kienholz et
al., 2014], then linearly interpolate between the two. This approach fails to adequately capture seasonal
variability, which can be substantial; it does, however, account for long-term trends in ice thickness change
in the terminus region.

4. Methods

4.1. Surface Velocities

Surface velocities are estimated using Landsat scenes as input to an offset tracking algorithm. The offset
tracking algorithm used here was developed by Mark Fahnestock (personal communication, 2012) and is
based on principles first described by Scambos et al. [1992]. It is a MATLAB (©1984-2014 Mathworks, Inc.)
script that takes a small subset (chip) of the first (source) image, then searches for a similar looking feature by
taking progressive subsets (chips) within a larger search window in the second (destination) image. The cor-
relation between each chip (source and destination) is recorded into a larger matrix of correlations. Matches
are chosen by looking for peaks in the correlation matrix, of which there may be more than one. The final,
accepted match is chosen based on the strength of the correlation (r > 0.7), the difference between correla-
tion peaks, and the direction of the flow; that is, we discard matches found upstream (opposite direction of
a general flow vector that is input to the software) of the source feature. For each glacier, Landsat images are
sorted by date within sets of path/row pairs, and image pairs are chosen from images separated by between
16 and 35 days. Each Landsat scene is cropped to fit a window showing the terminus region of the glacier.
These windows are chosen once for a glacier and are not resized, which means that they are large enough
to account for glacier retreat and advance.

Not all of the image pairs used are completely free of cloud or shadows; even a difference in snow cover
from one scene to the next can be enough to cause false correlations with the offset tracking algorithm. In
order to interpolate values of surface velocity at such locations, it is necessary to introduce a filter. We are
interested in the surface velocities across a cross section of the glacier (hereafter, “fluxgate”; for our pur-
poses, an imaginary line across the glacier located upstream of the terminus through which we estimate ice
flux) and we can leverage the shape of the velocity profile to reduce/remove these false correlations. First,
we choose velocity fields that are free of cloud or shadow effects and calculate the dot product of the veloc-
ity field with the fluxgate normal. While the magnitudes of the velocities across this fluxgate vary through
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Figure 2. Surface velocity field for Hubbard Glacier, overlain on a Landsat 5 scene acquired 21 March 1995. Black line
indicates the fluxgate (oriented northwest-southeast) used for Hubbard Glacier. Inset shows standard surface velocity
curve for Hubbard glacier along fluxgate. Individual measurements between 1985 and 2013 are shown as gray lines;

black line is the smoothed mean value for each grid point.

time, the spatial pattern of the velocity profile remains relatively constant (Figure 2). We normalize each of
these velocity profiles to the maximum value for each individual curve and find the mean normalized veloc-
ity curve by averaging the normalized velocity values at each point for the set of profiles. We take this curve
of mean values to be the standard velocity curve for each glacier and use it to interpolate missing values
along the fluxgate for each velocity profile.

For each image pair that has cloud or shadowing effects (e.g., sharp transitions/spikes and velocity values
well outside of the normal range for that glacier), we apply the following technique. First, any values along
the fluxgate that indicate sharp transitions or spikes in velocity are discarded automatically based on the
spatial derivative of the velocity profile. We then normalize this individual velocity curve to the maximum
value along this curve and exclude values that differ from the standard velocity curve by more than 10%.
Finally, we fill in the holes in this curve using the standard velocity curve found earlier and the maximum
cross-sectional velocity from this profile, and smooth the final cross-sectional velocity curve with a moving
average filter.

Glacier velocities, rates of frontal ablation, and terminus position vary on seasonal time scales [Ritchie et
al., 2008; Moon and Joughin, 2008; McNabb and Hock, 2014]. Because our data set is not evenly spaced in
time, we are unable to use the entire data set to estimate these variations. To estimate seasonal variations
and annually averaged rates of frontal ablation in years with more sparse measurements, we determine the
average seasonal change observed throughout the time period. We initially restrict our analysis of seasonal
change to only those years with four or more observations spaced throughout the year (i.e., at least three
seasons). We then normalize each of these curves to its annual maximum and subtract the annual mean
value. Finally, we take the monthly mean of these values in order to estimate the seasonal variations, and
weight the annually averaged values for each glacier using the values of this average curve. In this way, we
calculate the mean seasonal variation throughout the time period.
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4.2, Ice Thickness

For Columbia Glacier, we use the bed topography and ice thickness maps calculated by McNabb et al. [2012],
as this is the only tidewater glacier in the region that has a spatially distributed bed elevation and ice thick-
ness data set. For the other 26 glaciers, we calculate ice thickness distribution based on the approach
proposed by Huss and Farinotti [2012]. We have chosen this method because it requires relatively few input
data to the method proposed by McNabb et al. [2012].

Local ice thickness is given by the inversion of volume fluxes through cross sections along the glacier relying
on the principles of ice flow dynamics, using glacier outlines and DEMs as input. First, apparent surface mass
balance gradients [Farinotti et al., 2009] are estimated for each glacier separately to account for the effect
of maritime versus continental conditions. We adopt the same model parameters as applied by Huss and
Farinotti [2012] and do not use glacier-specific data to constrain the apparent mass balance gradient. Using
an integrated form of Glen’s 1955 flow law for ice, the deformational component of total ice volume flux is
converted to local ice thickness accounting for the effect of surface slope, varying valley shape and basal
shear stress distribution along the glacier. The ice volume flux due to basal motion is approximated by pre-
scribing a simple and constant function of sliding fraction versus glacier elevation range based on results by
McNabb et al. [2012] for Columbia Glacier. The fraction of surface motion due to basal sliding is between 95%
close to the terminus and 30% in the accumulation area. In the absence of data for other glaciers, we assume
this relationship to hold for all investigated glaciers. The uncertainty associated with this assumption is likely
to be small, as the model is not especially sensitive to this input. Our approach yields an estimate of ice thick-
ness and bedrock elevation for every grid cell of the DEM and is consistent with the parameterized ice flow
dynamics of each glacier.

In order to describe ice volume fluxes, and thus thickness distribution, along marine-terminating glaciers
an estimate of the frontal ablation flux is required and can be prescribed in the model. Lacking any data,
Huss and Farinotti [2012] used regional level estimates of frontal ablation for each glacier. Here we refine this
approach by constraining this input using our surface velocities. As a first approximation, we assume that
the glacier-wide apparent surface mass balance is zero and represents the total mass change, i.e., there is no
frontal ablation.

Since the ice thickness calculation depends on ice volume flux, and hence on frontal ablation, and frontal
ablation is a function of ice thickness, an iterative method is needed for refining the ice thickness esti-
mates. We first use the initial ice thickness estimate, which assumes that no mass is lost through the glacier
terminus, to calculate the rate of frontal ablation using the fluxgate approach. We then recalculate the ice
thickness distribution by adapting ice volume fluxes so that they match the updated estimate of frontal
ablation at the terminus and proceed until we reach a stopping point; in this case, where the change in
calculated frontal ablation from one step to the next is less than 5% for each glacier. This method converged
to a single value for all glaciers within four iterations (see Figure 3b). Ice thickness and bedrock topography
are evaluated for one point in time (the most recently available DEM for each glacier), but changes in
thickness close to the terminus over time are taken into account based on direct observations (section 3.2).

Five of the investigated glaciers (Hubbard, Columbia, Yahtse, Yale, and Harvard) have recent ice thickness
measurements [Rignot et al., 2013] that we can use to validate our calculated ice thickness distributions.
These data were acquired in 2012 from airborne low-frequency radar and have a nominal accuracy of 177m
in ice. Comparison to calculated ice thicknesses using the initial (unconstrained) estimate for the five glaciers
yields a mean difference of 145 + 224 m; using the final, constrained ice thickness distribution reduces this
to 70 + 256 m (Figure 3). Examining the differences as a percentage of the measured ice thickness yields a
mean percent difference of 21% for the initial estimate, compared to a mean percent difference of 1% for
the final constrained ice thickness distribution. The median values for the percent difference are 29% and
9%, respectively; overall, our constrained ice thickness distributions provide a satisfactory approximation of
the ice thickness in the region of interest.

4.3. Frontal Ablation

We define the rate of frontal ablation u¢ (the sum of the calving rate u. and the melt rate at the terminus rh)
as the difference between the ice velocity at the terminus u, and the rate of change of the terminus position
oL/ at [cf. O'Neel et al., 2003; Amundson and Truffer, 2010]:

ue(t,x,y,2) = u(t,x,y,z) + m(t, x,y,z) - i = u(t, x,y,z) — %(t,x,y,Z) -, (1
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Figure 3. (a) Comparison of calculated ice thicknesses interpolated along radar tracks to measured ice thickness [Rignot
et al., 2013] for initial estimate (black) and final, constrained ice thickness (gray). Values for the mean (u), standard devi-
ation (o), and root-mean-square error of each data set are as indicated; (b) convergence of the frontal ablation estimate
and ice thickness calibration. Gray envelope indicates spread of set of glaciers; black line indicates mean value at each
time step.

where 7 is the outward normal vector to the plane of the terminus. We choose the notation u¢ because
we are explicitly focusing on the mass loss at the terminus (frontal ablation), rather than only the mass
lost through calving [Cogley et al., 2011]. In this study, we choose to report frontal ablation as having a
positive sign.

The total rate of frontal ablation F is then u; integrated over the width of the terminus; because this sur-
face is constantly changing, we instead integrate over a cross section (fluxgate) of the glacier, Q, located
some distance upstream of the terminus. By doing this, we must take into account mass changes due to
surface mass balance (b) after the ice passes through the fluxgate. For this study, we assume a value of

b =-10m w.e.a™", which matches the largest values found near the termini of these glaciers [e.g.,
Rasmussen et al., 2011]; this has the effect of placing an upper bound on the reduction in F due to surface
mass balance.

Here we assign the coordinate y to be along the fluxgate. Because 0L /0t is not defined at Q, we instead use
the width-averaged value (i.e., calculated as by the “box method”) [Moon and Joughin, 2008; McNabb and
Hock, 2014], which we label dL/dt, and multiply it by the cross-sectional area of the fluxgate, A. This has the
same effect as integrating dL/dt over the terminus:

F=//Uf~ﬁdydzz// h dy dz — A—+//bdxdy, (2)

where we have suppressed the notation (t,y,z) for ease of reading.

The depth-averaged velocity at a given location is the integral of the vertical ice velocity profile u(z) over the
ice thickness H at that location:

1

— [ u(2)dz =yu,, 3

g /H (2) yus (3)
where u, is the surface velocity and y € [0.8, 1] is a factor relating u to u [Cuffey and Paterson, 2010].

Because the ice flow near the terminus of most tidewater glaciers is primarily driven by sliding, we assume
that y = 0.9 for all glaciers in this study [Rasmussen, 1988; Pfeffer, 2007; McNabb et al., 2012].
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Figure 4. Time series of frontal ablation estimates for the 27 glacier sum, the 24 glacier sum, and the three glaciers with

the largest rates of frontal ablation, 1985-2013.

With this, our expression for F becomes (with the dependence of F on t and the dependences of H and u;
again made explicit):

v TR
F(t) = y/ H(t,y)uy(t,y) - h dy — Aa + bS, 4)
0

where W is the width of the fluxgate and S is the glacier surface area between the fluxgate and the terminus.

For each glacier, we choose a fluxgate (Q) well upstream of the farthest retreated terminus position and use
this same fluxgate for each velocity field. McNabb and Hock [2014] provides a record of terminus position for
all of the glaciers in this study over this time period. We calculate L(t) following the box method described
by Moon and Joughin [2008], calculating the average length between the fluxgate and the terminus; dL/dt
is then the difference in length between the first and second images used to derive the velocity field. Finally,
to scale our results to the remaining nine active tidewater glaciers in Alaska, we derive and apply a linear
relationship between glacier area and rate of frontal ablation.

5. Results

5.1. Frontal Ablation

Figure 4 shows a time series for the three glaciers with the largest average rates of frontal ablation, as well
as the annual regional sum. In total, the 27 glaciers in the study region lost an average of 15.11 + 3.63 Gta™'
by frontal ablation over the period 1985-2013 (see section 5.2 for details on uncertainty estimation). The
glacier with the highest rate of frontal ablation over the study period is Columbia Glacier, with a mean

rate of 3.70 + 0.89 Gta~', followed by Hubbard Glacier, with a mean rate of 3.63 + 0.87 Gta~'. These two
glaciers represent approximately 50% of the frontal ablation over the time period of this study. Another two
glaciers (Yahtse and LeConte) have rates of frontal ablation of approximately 0.9 Gta~' or greater; these four
glaciers represent nearly 65% of the loss through frontal ablation for the 27 glaciers studied.

Figure 5 shows that, in general, glaciers with a larger area lose more mass through frontal ablation. In itself,
this is not surprising, as glaciers with a larger area are generally thicker, have larger calving fronts, and have
higher surface velocities. McNabb and Hock [2014] find 36 actively calving tidewater glaciers in Alaska; 27 of
those are used in this study. The other nine glaciers are generally small, slow, and do not provide satisfactory
results for offset tracking, so we apply this scaling relationship to estimate the rate of frontal ablation for the
entire region. These scaled values (along with the glacier areas) are shown in Table 2. Summing the scaled
estimates for the other nine glaciers yields an additional 0.45+0.1 Gta~', for a total for the region of 15.56 +
3.73 Gta~'. The 27 glaciers that we use in this study, then, represent ~97% of the total frontal ablation from
the region.
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Figure 5. Frontal Ablation as a function of area for the 27 glaciers used in this study. Glaciers that advanced over the
period 1985-2013 are shown as crosses, glaciers that retreated over the same time period are shown as circles. Black line
indicates linear fit.

5.2. Uncertainty Analysis

Uncertainty in values of frontal ablation arises primarily from the uncertainties in values of surface veloc-
ity and ice thickness. Uncertainties in surface velocities arise from point identification in images and
interpolation of irregularly spaced data to grid nodes, as well as the error in georeferencing. We use the
following equation to estimate the uncertainty (in ma~') in velocities derived from Landsat imagery [cf.
McNabb et al., 2012]:

CAx
Evel = 365?’ (5)

where C is uncertainty in image registration and offset tracking in pixels (p), Ax is the image resolution
inmp~', and At is the time separation between successive images in days. Using typical values of 1 pixel
for C,30 m p~' for Ax, and 32 d for At, we estimate an uncertainty of 345 ma~" in velocity values derived
from Landsat 4 and 5 scenes, and 171 ma~" in velocity values derived from Landsat 7 and 8 scenes
(Ax = 15 mp~"). Given typical values of surface velocity averaged over cross-sectional profiles, this cor-
responds to a ~20% uncertainty in velocity. It may be possible to decrease this uncertainty by increasing
the time span between successive images, though the corresponding change in the glacier surface
characteristics would likely decrease
the correlation results in the offset

Table 2. Frontal Ablation for the Nine Actively Calving Glaciers Not tracking algorithm, resulting in less
Included in the Fluxgate Analysis? certain matches.

Area F Uncertainties in ice thickness arise pri-
Name (km?2) (Gta=")  marily from errors in the thickness
Lamplugh 142 0.16 modeling, the glacier outlines and DEM
Nellie Juan 98 0.1 used, and field data [Huss and Farinotti,
Tiger 59 0.07 2012]. Based on comparison of modeled
Al 26 0.03 and measured ice thicknesses, we use
Coxe 20 0.02 ’
Smith 19 0.02 the median percent difference between
Anchor 14 0.02 modeled and measured ice thickness
Grotto 1 0.01 of 10%.
Ogive 3 < 0.01 . o .
Al glaciers 393 oas Finally, uncertainties in rates of glacier

length change arise primarily from errors
in manual digitization of terminus out-
lines and errors in georeferencing of

aF was derived from applying the scaling relationship shown in
Figure 5.
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Figure 6. Normalized rates of frontal ablation with annual mean removed versus time of year, for those years where
measurements are sufficiently spaced to discern seasonal signal. Black line indicates monthly mean values, interpolated
for those months where no measurements are available. Mean seasonal peak is in May, with lowest values reached in
September on average. Winter measurements tend to be closest to the annual average.

images [McNabb and Hock, 2014]. Based on results from that study, the uncertainty in annual rates of glacier
length change are approximately 10%. Assuming that each of these uncertainties (surface velocities, ice
thicknesses, and glacier length change) are uncorrelated, we arrive at a final estimate for uncertainty in rates
of frontal ablation of 24%.

6. Discussion

6.1. Surface Velocities

Several glaciers in the region have records of ice velocity that we can compare to our values. Trabant et

al. [2003] give centerline values of ice surface speed for Hubbard Glacier that range from 5 to 9md~’
(1800-3300 ma~") at a location near our fluxgate over the period 1980-2000, matching our range of val-
ues from 3 to 12md~" (1100-4400 ma~") for the centerline velocity of Hubbard Glacier. Krimmel [2001] and
McNabb et al. [2012] published a record of ice velocity for Columbia Glacier from 1983 to 2012, overlapping
with the time period of our Landsat scenes. Differences in surface velocity from measurements at similar
times are small, typically around 100-200 ma~', or 10% of the surface velocity values; this indicates that our
reported uncertainty in ice velocity of 345 ma~" may be an upper bound, at least for the largest glaciers.

6.2. Frontal Ablation

6.2.1. Seasonal Variation

For the years with good seasonal spacing of data (more than four measurements, spanning at least three
seasons), we see that in general, the glaciers in this study lose the most by frontal ablation during the spring
months (March-May), when surface velocities are at their peak annual values and ice supply to the terminus
is therefore at a maximum (Figure 6).

This seasonal variation in rates of frontal ablation allows us to consider some of the proposed mechanisms
driving frontal ablation throughout the year, as discussed in the literature. As surface velocities reach their
maximum during the spring speedup as basal water pressures increase due to increased meltwater input
at the bed [e.g., Iken and Bindschadler, 1986], rates of frontal ablation also increase. Penetration of melt-
water into crevasses has been hypothesized as one mechanism to increase calving [Benn et al., 2007], and
submarine melting is increased by both elevated ocean water temperatures and convection driven by mix-
ing of fjord water with meltwater at the terminus [Motyka et al., 2003; Bartholomaus et al., 2013]. Surface
velocities slow later in the summer due to better developed drainage systems at the bed, air and fjord water
temperatures decrease into the fall and winter, frontal ablation slows, and the glacier begins to readvance.
These mechanisms are consistent with the timing of our observed seasonal variations, where frontal abla-
tion is higher in the spring, lower in the late summer and fall, and in the middle in the winter, though further
analysis would be required to confirm any individual proposed mechanism.
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Figure 7. Frontal ablation and length versus time for the 27 glaciers used in this study. Many of these glaciers have
ceased retreating and have either stabilized in shallow water or begun to readvance, explaining the apparent downward
trend of frontal ablation for the region (Figure 4).

6.2.2. Interannual Variation

Figure 4 shows a trend of —0.14Gta™" (p < 0.01 for the Mann-Kendall test [Mann, 1945]) for the regional
total of frontal ablation over the time period, despite a marked increase in frontal ablation from Columbia
Glacier and a slight increase from Hubbard Glacier. This negative trend comes from the remaining 25 glaciers
(p < 1079).

Of these 25 glaciers, 16 have decreased surface velocity at the fluxgate over the time period and 18 have
thinned; 11 have both slowed and thinned at the location of our fluxgate. This has occurred simultaneously
with increased air and water temperatures in the region [e.g., Royer and Grosch, 2006; Wendler et al., 2012],
and increasing surface mass balance losses [e.g., Arendt et al., 2006; Johnson et al., 2013; Das et al., 2014].
Many of these glaciers began retreating around the end of the Little Ice Age in Alaska, around the end of the
nineteenth century [e.g., Porter, 1989; Calkin et al., 2001; Barclay et al., 2006, 2009; McNabb and Hock, 2014].
Several of these glaciers (e.g., Yahtse, Grand Pacific, Tyndall, and Harvard; Figure 7) have begun to readvance
or at least appear to have stopped retreating [McNabb and Hock, 2014].

As these glaciers have retreated, they have depleted their mass reserves and are unable to sustain high
levels of frontal ablation. Whether this is due to dynamic thinning, feedbacks from surface lowering
and subsequently more negative surface mass balance, or increased submarine melt at the terminus
is beyond the scope of this study; it is likely some combination of these factors, and certainly warrants
further study.

Regional peaks in frontal ablation are apparent circa 2000 and 2010, due to large increases in frontal
ablation from Columbia Glacier during those years. As Columbia Glacier has stopped retreating since circa
2010 [McNabb et al., 2012; McNabb and Hock, 2014], it appears that its ability to sustain the high levels

of frontal ablation since circa 1980 is nearing an end [Colgan et al., 2012], most likely leaving Hubbard
Glacier as the only Alaska tidewater glacier with the ability to sustain high (>3 Gta™') levels of frontal
ablation.

6.2.3. Comparison to Other Studies

A comparison of estimates of frontal ablation between this study and other published values for Alaska
tidewater glaciers has been compiled in Table 3. In general, we find good agreement (r> = 0.83) with pub-
lished values over the same time periods. One exception is with Brown et al. [1982], which does not overlap
with this study. Many of the estimates from Brown et al. [1982] come from summer and fall, when seasonal
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Table 3. Comparison of Frontal Ablation From Various Other Studies and This Study?

This Study  Previous Study
Name Period (Gta™") (Gta™") Citation
Hubbard 20 August 1977 to 1 October 1977 3.63 +0.87 2.24 Brown et al. [1982]
2007-2010 3.41 +0.82 243 Burgess et al. [2013]
Yahtse 2007-2010 0.89 + 0.21 0.99 Burgess et al. [2013]
Columbia 1982-2007 3.53 +0.85 55 Rasmussen et al. [2011]
1983-2001 3.73 £ 0.90 33 O’Neel et al. [2005]
1 October 1977 to 31 September 1978  3.70 + 0.89 1.27 Brown et al. [1982]
Grand Pacific August 1968 to July 1970 0.05 + 0.01 0.02 Brown et al. [1982]
South Sawyer 12 July 1977 to 30 August 1977 0.50 + 0.12 0.77 Brown et al. [1982]
Harvard 21 June 1978 to 1 September 1978 0.47 +0.11 0.24 Brown et al. [1982]
2007-2010 0.36 + 0.09 0.49 Burgess et al. [2013]
LeConte 2 May 1999 to 4 June 1999 0.90 + 0.22 1 O'Neel et al. [2003]
Chenega 2007-2010 0.23 + 0.06 0.37 Burgess et al. [2013]
Johns Hopkins 17 July 1977 to 1 September 1977 0.55 +0.13 0.39 Brown et al. [1982]
Guyot 2007-2010 0.22 + 0.05 1.17 Burgess et al. [2013]
Tsaa 2007-2010 0.22 + 0.05 0.75 Burgess et al. [2013]
Margerie 17 July 1977 to 1 September 1977 0.04 + 0.01 0.06 Brown et al. [1982]
Turner 2007-2010 0.15 + 0.04 0.05 Burgess et al. [2013]
Yale 15 July 1977 to 3 September 1977 0.40 + 0.10 0.86 Brown et al. [1982]
2007-2010 0.30 + 0.07 0.26 Burgess et al. [2013]
Northwestern 2007-2010 0.07 + 0.02 0.06 Burgess et al. [2013]
Meares 15 July 1977 to 3 September 1977 0.17 + 0.04 0.12 Brown et al. [1982]
Tyndall August 1964 to August 1965 0.27 + 0.07 0.46 Brown et al. [1982]
2007-2010 0.10 + 0.02 0.11 Burgess et al. [2013]
McCarty August 1964 to August 1965 0.16 + 0.04 0.02 Brown et al. [1982]
2007-2010 0.09 + 0.02 0.12 Burgess et al. [2013]
Barry 2007-2010 0.20 + 0.05 0.16 Burgess et al. [2013]
Surprise 2007-2010 0.05 + 0.01 0.09 Burgess et al. [2013]
Aialik 2007-2010 0.25 + 0.06 0.3 Burgess et al. [2013]
Blackstone 2007-2010 0.02 + 0.01 0.08 Burgess et al. [2013]

aTime period for each comparison is given, except for Brown et al. [1982], where the values are compared to the
period 1985-2013.

values of frontal ablation are at their lowest (cf. Figure 6), which helps explain some of the discrepancies;
other glaciers were in different stages of advance/retreat during the time period of that study than the
period covered here.

For only those glaciers used in both studies, Burgess et al. [2013] publish a total estimate of 7.32 Gta™’,
compared to 6.56 + 1.57 Gta~" for this study. Burgess et al. [2013] use only winter velocities, but we find
this does not significantly impact estimation of frontal ablation (cf. section 6.4). Although overlapping in the
error bounds, discrepancies between their estimates of frontal ablation and ours likely result from different
estimates of ice thickness, because Burgess et al. used an estimation of ice thickness at the fluxgate as a
function of glacier length and did not take into account the shape of the thickness profile across the gate, all
of which can have a significant impact on the estimation of frontal ablation (section 6.4).

6.3. Partitioning of Mass Budget

Other studies have typically highlighted the role of frontal ablation in glacier mass budgets by quantifying
the fraction of frontal ablation to total net glacier mass balance (note that the latter is the balance between
total accumulation and ablation). Here we also quantify the contribution of frontal ablation to total ablation
(i.e., the sum of surface ablation, which is mostly melt, and frontal ablation). To partition Alaska’s glacier mass
budget into its components, we compare our frontal ablation estimates to balance estimates derived from
the time series of cumulative net mass balance from Gravity Recovery And Climate Experiment (GRACE)
measurements for Alaska over the period 2004-2010 [Luthcke et al., 2013].
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We estimate the summer ablation for a given year to be the difference between the maximum and mini-
mum values in that year [Luthcke et al., 2013, Figure 8b], corresponding to a signal of ~350 Gta~" for the
seven melt season between April 2004 and September 2010. Frontal ablation also occurs in each year’s win-
ter season (period between the mass minimum and following maximum) but is indistinguishable from the
net mass changes in those periods because snow accumulation is the dominant component. Therefore, we
simply assume that during those periods, each year’s annual mean rate applies, thus adding 7 Gta~' to the
summer ablation, to arrive at the annual ablation.

Our regional estimate for frontal ablation of 14 Gta~' over the same time period is then approximately 4%
of the total ablation of all Alaskan glaciers, varying from year to year between 3 and 5%. The share of frontal
ablation to total ablation of the tidewater glaciers alone most likely is much higher; however, surface mass
balance estimates for those glaciers alone are not available to quantify this share. The contribution of frontal
ablation to the corresponding total net mass change of roughly —70 Gta~' [Luthcke et al., 2013] between
September 2003 and September 2010 is 20%. This percentage will vary depending on the estimate for the
total mass loss from Alaskan glaciers, which range from —45 Gta~' to —85 Gta~', with a “best estimate” of
—50 Gta~ [Berthier et al., 2010; Jacob et al., 2012; Gardner et al., 2013]. Nevertheless, without frontal abla-
tion, the mass change from Alaska glaciers would be significantly smaller, despite the seemingly negligible
contribution it makes to total ablation.

Our analysis indicates that surface ablation is by far the most dominant process in removing glacier mass
of Alaska’s glaciers as a whole. However, frontal ablation is a significant and nonnegligible component of
the regional mass budget for Alaska glaciers, despite coming from only ~14% of the glacierized area in
the region.

6.4. Alternative Method Comparison

Many studies, when employing a fluxgate approach, will use some approximation of equation (4), either (1)
by assuming a mean ice thickness H across the fluxgate [e.g., Brown et al., 1982; Rignot et al., 2008b; Btaszczyk
et al., 2009; Burgess et al., 2013]; (2) by ignoring the volume change at the terminus through advance/retreat
[e.g., Rignot et al., 2008b; Burgess et al., 2013]; (3) by neglecting mass loss through surface mass balance
between the gate and the terminus; or (4) by using velocity measurements from only one season [e.g.,
Brown et al., 1982; Burgess et al., 2013]. In order to estimate the effects these different assumptions might
have on estimates of frontal ablation, we calculate frontal ablation using our data by employing these dif-
ferent methods and compare the results. A full comparison of the different methods for approximating
equation (4) is shown in Figure 8.

6.4.1. Neglecting Cross-Sectional Thickness Variations

Commonly, the approach of assuming a mean ice thickness H across the fluxgate takes the form

F(t) = yaA, (6)

where A = WH is the cross-sectional area of the fluxgate. Rather than integrating the product u(y)H(y) as
in equation (4), the mean ice thickness A is multiplied by the mean surface velocity &, averaged over the
fluxgate. This has the effect of ignoring the shape of the bed profile (alternatively, the shape of the sur-
face velocity profile, as Hu(y) = @H(y)), which for many glaciers tends to approach a parabola or a quartic
function [e.g., Cuffey and Paterson, 2010].

We find that ignoring the shape of these profiles leads to a substantial underestimation of frontal abla-
tion for individual glaciers (27% on average and 17% for the regional total), almost exactly what would be
expected from integrating the product of an idealized ice thickness and velocity profile. This approximation
resulted in an overestimation of frontal ablation for only two glaciers (Guyot and Tsaa); our gate thickness
profiles for these glaciers are nearly flat, so the product u(y)H(y) is much closer to aH for these glaciers than
for more channelized glacier geometries.

6.4.2. Neglecting Terminus Advance/Retreat

Another commonly used assumption/approximation is to ignore any volume change as a result of advance
or retreat of the terminus [e.g., Rignot et al., 2008b]. Because advance rates tend to be much lower than
retreat rates [e.g., Post, 1975; Post et al., 2011; McNabb and Hock, 2014], the difference is most likely small for
advancing glaciers. For rapidly retreating glaciers, however, especially those such as Columbia Glacier, this
could potentially result in a significant underestimation of frontal ablation.
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Figure 8. Difference between mean frontal ablation rates derived from four alternative methods (section 6.4) and those
obtained from our approach expressed as a percent of the latter for the 27 glaciers in this study. Number following
glacier name is the rate of frontal ablation for each glacier in Gta~" (Table 1). (a) B = 0 refers to setting surface mass bal-
ance to 0; AL = 0 refers to ignoring length change; (b) Hy,ean refers to taking mean ice thickness instead of a profile; and
() spring, summer, fall, and winter refer to using measurements from only those seasons, respectively.

Ignoring length change tends to overestimate frontal ablation by about 13% on average for individual
glaciers in Alaska; the regional total is overestimated by only about 2%. Given the generally low rates of
length change compared to surface velocity (Table 1), this relatively small value is somewhat expected. For
tidewater glaciers that are not in rapid retreat (that is, most of those in Alaska), ice supply to the terminus

is the dominant term of equation (4), so rates of frontal ablation are well approximated by the ice supply to
the terminus alone.

6.4.3. Neglecting Surface Mass Balance Between Fluxgate and Terminus

The effect of ignoring surface mass balance between the fluxgate and the terminus when estimating frontal
ablation using a fluxgate approach will necessarily depend on the distance between the fluxgate and the
terminus. Surface mass balance tends to be more negative at lower elevations, meaning that ignoring it will
tend to overestimate frontal ablation. In general, this seems to be quite low [e.g., O'Neel et al., 2003]; for our
study area, we find that neglecting surface mass balance tends to overestimate frontal ablation for individ-
ual glaciers by about 19% on average, and for the regional total about 10%. Given the relatively small areas
(average of 6 km?) between the fluxgates and the terminus, this is not surprising. The relatively small specific
surface mass balance rate (a few ma~') compared to surface velocities (several hundreds of ma~') means
that ice supply through the fluxgate is much larger than the surface mass balance in the area between the
fluxgate and the terminus, assuming the areas over which they are integrated are similar.

6.4.4. Neglecting Seasonal Velocity and Front Variations

Alaska tidewater glaciers tend to be most advanced in the spring, and at their most retreated position in
the summer and winter [e.g., McNabb and Hock, 2014]. Their velocities follow a similar pattern [e.g., Krimmel,
2001; Ritchie et al., 2008], being highest in spring/early summer and lowest in the fall; therefore, rates of
frontal ablation should vary seasonally. Thus, we investigate the effects of picking measurements from only
one season to compute mean annual rates and compare this to results based on the collection of mea-
surements as a whole. Because our measurement density increases dramatically after 1999, we restrict this
analysis to post-1999 measurements only. Further, we define each season to be a 3 month period as follows:
winter (December—February), spring (March-May), summer (June—August), and fall (September-November).
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Spring measurements overestimate rates of frontal ablation by 6% on average (18% of the total), while sum-
mer and fall measurements underestimate rates of frontal ablation by 6% (8% of the total) and 14% (7% of
the total) for individual glaciers, respectively. Winter measurements barely overestimated the total (1% for
individual glaciers, 1% of the total), suggesting that studies such as Burgess et al. [2013], which exclusively
use winter velocities to estimate frontal ablation, do a better job estimating annual rates of frontal ablation
than do studies using measurements from summer or fall exclusively, such as Brown et al. [1982]. Given

the difficulty in obtaining visible wavelength images during the winter in high latitudes such as the Arctic,
it would be advantageous to utilize a mix of radar-based imagery, rather than relying solely on visible
wavelength imagery.

7. Conclusions

Using Landsat scenes and an offset tracking algorithm, estimates of ice thickness, derived rates of length
change, and a first-order estimate of surface mass balance between the fluxgate and the terminus,

we present a record of frontal ablation for 27 Alaska tidewater glaciers over the period 1985-2013; to
our knowledge, this is the first detailed, regional-scale, long-term study of frontal ablation for Alaska
tidewater glaciers.

For the entire set of glaciers studied, we estimate a mean rate of frontal ablation of 15.11 + 3.63 Gta™' over
the period 1985-2013. Assuming a linear relationship between glacier area and frontal ablation rate, we
extend this estimate to the nine other actively calving tidewater glaciers in Alaska, giving a final result of
15.56 + 3.73 Gta~! lost through frontal ablation for Alaska tidewater glaciers. This corresponds to a specific
mass loss of 1.37 m w.e.a™' from tidewater glaciers alone, and a loss of 0.18 m w.e.a™" from frontal abla-
tion for all Alaska glaciers. Comparison of our estimates for individual glaciers with estimates from other
studies yields general agreement; we find that large discrepancies are likely a result of differences in mea-
surement period, using measurements from only one time of year, or a difference in method of calculating
frontal ablation.

Total frontal ablation from Alaska tidewater glaciers has decreased at a rate of 0.14 Gta~' over the study
period. Most Alaska tidewater glaciers began retreating at the end of the nineteenth century and have since
slowed or ceased their retreats. Over the course of this study period, many glaciers have both thinned and
slowed at the location of our fluxgates, likely due to some combination of dynamic thinning, increasingly
negative surface mass balance, and increased submarine melting. As these glaciers have retreated, they
have depleted their mass reserves and are unable to sustain high levels of frontal ablation. This depletion
could have been through dynamic thinning, feedbacks from surface lowering and subsequently more neg-
ative surface mass balance, or increased submarine melt at the terminus; which of these factors is most
responsible is beyond the scope of this study. Most likely, it is due to some combination of these factors, and
certainly warrants further study.

We find that surface velocities and thus frontal ablation for Alaska tidewater glaciers are highly seasonal,
with the seasonal amplitude averaging approximately 50% of the peak velocity, peak values occurring in
late spring or early summer, and the lowest values occurring late in the summer or early fall. Any estimates
of frontal ablation made using surface velocities should take this seasonal variability into consideration,
though winter values are closest to the annual mean for both individual glaciers and the regional total.
Ignoring the effects of cross-sectional ice thickness variations on estimates of frontal ablation tends to
underestimate frontal ablation for individual glaciers by 27% (17% of the regional total), compared to

19% (10% of the regional total) overestimation from neglecting surface mass balance between the fluxgate
and the terminus, and 13% (2% of the regional total) by neglecting advance/retreat of the terminus.

Our regional estimate of frontal ablation indicates the overall importance of frontal ablation in the mass
budget of all Alaska glaciers. Frontal ablation constitutes 4% of the annual total ablation over the period
2003-2010, but 20% of the roughly 70 Gta~' net mass loss derived from GRACE [Luthcke et al., 2013]. With-
out frontal ablation, the mass loss from Alaska Glaciers would be significantly reduced, despite only coming
from approximately 14% of the total glacier area; this fact serves to highlight the overall importance of
frontal ablation in the mass budget of regions with tidewater glaciers. The regional total of frontal ablation
is heavily dominated by two glaciers in particular (Hubbard and Columbia), suggesting that regional rates
of frontal ablation can be approximated by studying only a few glaciers, though with the caveat that those
glaciers may not mirror regional trends.
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