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During the summer in the northeast Pacific Ocean, the Alaska Coastal Current sweeps water with
temperatures in excess of 12 "C past the mouths of glacierized fjords and bays. The extent to which
these warm waters affect the mass balance of Alaskan tidewater glaciers is uncertain. Here we report
hydrographic measurements made within Icy Bay, Alaska, and calculate rates of submarine melt at Yahtse
Glacier, a tidewater glacier terminating in Icy Bay. We find strongly stratified water properties consistent
with estuarine circulation and evidence that warm Gulf of Alaska water reaches the head of 40 km-long
Icy Bay, largely unaltered. A 10–20 m layer of cold, fresh, glacially-modified water overlies warm, saline
water. The saline water is observed to reach up to 10.4 "C within 1.5 km of the terminus of Yahtse Glacier.
By quantifying the heat and salt deficit within the glacially-modified water, we place bounds on the rate
of submarine melt. The submarine melt rate is estimated at >9 md#1, at least half the rate at which
ice flows into the terminus region, and can plausibly account for all of the submarine terminus mass
loss. Our measurements suggest that summer and fall subaerial calving is a direct response to thermal
undercutting of the terminus, further demonstrating the critical role of the ocean in modulating tidewater
glacier dynamics.

! 2013 Elsevier B.V. All rights reserved.

1. Introduction

Marine-terminating glaciers worldwide are undergoing rapid
changes (e.g., Larsen et al., 2007; Pritchard et al., 2009). In many
cases, rapid mass changes of tidewater glaciers are controlled by
processes acting at the terminus (Nick et al., 2009). Changes in
glacier terminus position dL/dt result from differences in the ice
flux to the terminus Q i and ice flux from the terminus,

dL
dt

= Q i # Qa

A
(1)

where Qa is the frontal ablation rate (i.e., rate of ice loss from the
glacier terminus, Cogley et al., 2011), and A is the cross-sectional
area of the terminus. The terminus ice flux Q i = ui A, where ui is
the terminus-averaged ice velocity. Ice melt (both above and be-
low the water line) and iceberg calving contribute to the frontal
ablation rate. In accordance with previous studies in Alaska that
found submarine melt rates 100-fold greater than subaerial melt

* Corresponding author at: Geophysical Institute, University of Alaska Fairbanks,
903 Koyukuk Dr., Fairbanks, AK 99775, USA.

E-mail address: tbartholomaus@gi.alaska.edu (T.C. Bartholomaus).

rates (Walters et al., 1988; Motyka et al., 2003), we disregard sub-
aerial frontal melt. The flux of ice lost to submarine melt Qm is

Qm = ṁAw , (2)

where ṁ is the terminus-averaged submarine melt rate, and Aw is
the submarine portion of the terminus cross-section A, and simi-
larly, the calving flux Qc is

Qc = ċ A, (3)

where ċ is the terminus-averaged calving rate. Grounded tidewa-
ter glaciers are unable to support significantly overhanging termini
(O’Leary and Christoffersen, 2013), so, in essence,

dL/dt = ui # ċ # ṁ, (4)

and where dL/dt $ ui , as is frequently the case (van der Veen,
2002),

ui % ċ + ṁ. (5)

While, in many tidewater systems, the components of Eq. (4) are
clearly changing, the calving and submarine melt processes are
poorly understood and their rates are di!cult to measure. Quanti-
fying the magnitude of the submarine melt rate, and therefore the
relative size of ṁ and ċ, at Yahtse Glacier, Alaska, is the goal of this
study.
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Fig. 1. Map of the study area. (a) Icy Bay with 10 m bathymetric filled contours. The shoreline is identified in green and two shallow sills are labeled. The locations of CTD
casts made in 2011 are shown as small red circles. The locations of cross-section profiles (Fig. 3 and supplemental material) are shown in gray. The 2011 termini of four
glaciers are identified. The area of panel (b) is enclosed within the dashed black rectangle. The location of the casts presented in Fig. 2 is marked with a yellow triangle.
(b) Aerial photograph of the terminus of Yahtse Glacier (12 Sept. 2011), the locations of the 7 CTD casts presented in Figs. 3 and 4 (29 July 2011), and the fjord-perpendicular
profile onto which these casts are projected. The persistent subglacial discharge plume is apparent on the NW side of the terminus. During late July 2011, it extended to
include the location of the 2 western-most casts. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Theoretical and modeling studies have found that the subma-
rine melt rate at a glacier terminus is dependent on subglacial
discharge and ambient seawater temperature, such that

ṁ! qp!s, (6)

where q is the flux of subglacial discharge per terminus length,
p is a parameter, and !s is the ambient seawater temperature
(Jenkins, 2011; Xu et al., 2012; Sciascia et al., 2013). Both Jenkins
(2011) and Xu et al. (2012) found p = 1/3, whereas p = 1/2 better
fit the modeling results of Sciascia et al. (2013).

Several authors have attributed rapid geometry changes ob-
served at tidewater glacier termini in Alaska and Greenland to
submarine melt (e.g., Motyka et al., 2003; Ritchie et al., 2008;
Nick et al., 2009; Seale et al., 2011). In Alaska, several studies have
demonstrated that warm (>7 "C) water can reach within 2–3 km
of tidewater glacier termini (Matthews, 1981; Walters et al., 1988;
Motyka et al., 2003). Submarine melt rates across Alaska are poorly
resolved, but have been shown to reach up to 12 md#1 aver-
aged across submarine termini (Walters et al., 1988; Motyka et al.,
2003). However, despite these observations, substantial uncertainty
persists regarding the temporal and spatial extent over which sub-
marine ice melt is important, the upper bound of ṁ, and the
interplay within glacierized fjords between subglacial discharge,
submarine melt, and continental shelf seawater.

Herein, we present observations and model results of subma-
rine melt at Yahtse Glacier and Icy Bay, located along the Gulf
of Alaska coast, based upon 123 conductivity–temperature–depth
(CTD) casts made during Julys in 2009–2011. These hydrographic
measurements reveal a 10–20 m thick, surface layer of glacially-
modified water and allow us to infer the near-terminus fjord
circulation. Adjacent to the terminus of Yahtse Glacier, we draw
on observations of water temperature and salinity to identify the
amount of submarine glacier melt, subglacial discharge and ambi-
ent seawater present within the glacially-modified water. To quan-

tify the flux of these waters, and therefore ṁ, we estimate the
near-surface currents with a variety of local observations. Finally,
we place our summer-time estimate into longer, seasonal, annual
and multi-decadal contexts.

2. Field site

Ice Bay is a 40-km-long indentation on the Gulf of Alaska coast
(Fig. 1). During the summer, the Alaska Coastal Current (ACC)
sweeps warm (>12 "C) near-surface water north and west along
Alaska’s continental shelf, past the mouth of Icy Bay (Stabeno et al.,
2004; Weingartner et al., 2005). This baroclinic current is driven in
large part by fresh water delivery along the coast. Since much of
this fresh water is glacier runoff (Neal et al., 2010), the influence of
glaciers on the current is unquestioned (Weingartner et al., 2005;
Royer and Grosch, 2006). However, the reciprocal relationship, the
current’s influence on glaciers, is poorly understood despite the
current’s potential to impose a significant melt forcing on the ter-
mini of all tidewater glaciers surrounding the Gulf of Alaska.

Icy Bay was entirely occupied by glaciers flowing out of the
St. Elias Range during the mid-19th century (Fig. 1) (Porter, 1989;
Barclay et al., 2006). Near the end of the 19th century, the coa-
lesced tidewater Icy Bay glaciers began a 100 yr retreat from their
Little Ice Age (LIA) maximum at an average rate of 400 myr#1.
This retreat culminated in the division of the Icy Bay glaciers into
several distinct, formerly tributary glaciers, of which Yahtse Glacier
has the largest area (1020 km2 in 2000). Yahtse Glacier reached its
most-retracted position in approximately 1990, after which it be-
gan a 2 km re-advance that continues today. Since 2009, we have
observed a spring advance and fall retreat (approximately 300 m
range) superimposed on the multi-year advance (Bartholomaus et
al., 2012).

Icy Bay is separated from the Gulf of Alaska by a subma-
rine terminal moraine at the location of the LIA maximum; the
maximum depth across the crest of this moraine/sill is 17 m.
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Fig. 2. Three years of hydrographic data. (a)–(c) Representative late-July casts from 3 consecutive years at a location between Tsaa and Taan fjords, 33 km from the LIA
maximum and 8 km from the Yahtse terminus. (d) Daily-averaged, 20-m-depth conservative temperature and absolute salinity at station GAK1, a location within the ACC
450 km west of Icy Bay. Vertical, colored lines identify the times of each of the three casts in panels (a)–(c).

The continental shelf extends for 60 km off-shore. Inland by
17 km of the LIA maximum sill is a second, intermediate sill
with a maximum depth of 35 m. The retreat of the Icy Bay
glaciers paused here between 1916 and 1926 (Porter, 1989). In
1981, as Yahtse Glacier was approaching its most receded posi-
tion, the greatest depths within Icy Bay (%185 m) were found
within the narrow Yahtse Glacier fjord (Post, 1983). Most of the
bathymetry in Fig. 1a was collected between 2000 and 2008 by
the U.S. National Oceanic and Atmospheric Administration (NOAA)
(www.ngdc.noaa.gov/mgg/bathymetry/relief.html). Near the glacier
termini, where multibeam data are unavailable, we contour the
1981 soundings (Post, 1983, and NOAA Icy Bay nautical chart
16741). Soundings reported in this study reveal shallowing by
more than 50 m near the Yahtse Glacier terminus; thus, we have
low confidence in these near-terminus depths (Section 4).

Tides have been recorded within 3 km of the mouth of Taan
Fjord. There, the difference between Mean Higher High Water and
Mean Lower Low Water is 2.9 m (http://tidesandcurrents.noaa.gov,
Tidal station 9453431).

3. Data collection and processing

During late July of 2009, 2010 and 2011, we made respectively
6, 55 and 62 CTD casts to characterize the hydrography within Icy
Bay. Each year, we collected data with a Sea-Bird Electronics (SBE)
19 profiler. In 2011, an SBE 19 plus additionally recorded turbidity,
pH, and dissolved oxygen. The manufacturer-provided accuracies
for these instruments are <0.01 "C, <0.01 g kg#1, and <1.7 dbar.
Instruments were calibrated prior to use each year. Casts were
made along three profiles: one profile along the axis of Icy Bay and
two perpendicular transects (Fig. 1). The 2011 casts provide the
best spatial coverage of Icy Bay and are the focus of this study. For
plotting and analysis, water properties from each cast are averaged
at 1 m intervals. To construct cross-sections of water properties,

we project casts onto the profiles by translating them up to 0.5 km
and linearly interpolating between measurements.

We place our CTD casts within a broader geographic and
temporal context by drawing on measurements from GAK1, an
oceanographic station within the ACC, 450 km west of Icy Bay
(Weingartner et al., 2005). In particular, we choose to use wa-
ter properties collected at 20 m depth, the shallowest moored
measurements. Other depths reveal water property variations with
similar temporal structure to those at 20 m depth. For all analy-
ses, we present water properties as conservative temperatures !
and absolute salinities S A , in accordance with the International
Thermodynamic Equation of Seawater – 2010 (TEOS-10) (IOC et
al., 2010).

A time lapse camera looking south above Icy Bay allows us to
characterize near-surface water currents by the influence they ex-
ert on icebergs, as well as the rates of ice flow near the terminus.
For 11 days during time lapse camera operation, we used an auto-
theodolite to survey the position of prisms placed on a serac 1 km
from the glacier terminus. We extend this surveyed record of daily
glacier speeds by cross-correlating time lapse images (following
Scambos et al., 1992) and extracting the pixel offsets for the region
where the prisms were placed. Linear regression of surveyed speed
onto pixel offset enables us to identify glacier terminus speeds dur-
ing our hydrographic survey, when surveyed serac positions are
unavailable.

4. Icy Bay hydrography and sedimentation

The water properties within Icy Bay were similar during each
of the three years and can be considered a two-layer system
(Fig. 2a–c). Water above 10–20 m depth is cold (1–5 "C) and rela-
tively fresh (<25 gkg#1). The deeper water is warmer (>6 "C) and
has a near-uniform, high salinity. Both the temperature and salinity
are typical of the ACC during the months preceding our measure-
ments (Fig. 2d and Weingartner et al., 2005). At the bottom of Icy

http://www.ngdc.noaa.gov/mgg/bathymetry/relief.html
http://tidesandcurrents.noaa.gov
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Fig. 3. Water properties in the near-terminus, fjord-perpendicular cross-section shown in Fig. 1 on 29 July 2011. View is looking up-fjord, toward Yahtse Glacier. (a) Absolute
salinity, (b) conservative temperature, (c) turbidity, and (d) N2 shown by the colorbar, overlain by black density contours (contour interval is 2 kgm#3; several densities are
labeled). Triangles at the top of each profile identify the locations of casts. In each panel, the 3 and 5 "C contours are dotted to aid comparison between panels. In (c), the
black line highlights the 70 NTU contour, which we assume represents the bounds of the swift-flowing current out away from glacier terminus (see end of Section 6). Fjord
bottom identified by CTD casts is shown, dashed where inferred. (For interpretation of the references to color in this figure, the reader is referred to the web version of this
article.)

Bay, we find cool, saline water similar to the ACC during winter
and spring. The warming and freshening as one moves up within
the water column is consistent with the warming and freshening
of the ACC through the early summer. The relatively low density of
this early summer ACC water is su!cient to prevent its displacing
the cooler winter water at the bottom of Icy Bay.

Vertical stratification of water within the fjord is quantified by
the square of the Brunt-Väisälä frequency N ,

N2 = # g
"

d"
dz

, (7)

where " is water density, g is gravitational acceleration, and z
is height above sea level. Negative N2 values indicate buoyantly
unstable water volumes; increasing values of N2 indicate increas-
ing stability. In order to minimize small-scale instabilities, we have
smoothed N2 in all figures with a 5 m moving average. The bound-
ary between the cold surface and warm sub-surface layer is shown
in Fig. 2c by local maxima in N2 in 2009, 2010, and 2011 at 8.8,
6.5, and 11.0 m, respectively.

Horizontal variability of water properties is far less than in the
vertical; the same two layers presented within Fig. 2 can be traced
throughout Icy Bay (see supplemental material). Isohalines are
nearly horizontal and salinity is nearly constant at depths greater
than 20 m in 2009 and 2011. Temperatures within the deep layer
are 1–2 "C cooler at a given depth near the Yahtse terminus than
they are 15 km farther from the terminus. At the 17 km inter-
mediate sill, we recorded our highest water temperatures, 12 "C in
2011. We suggest that this indicates water entering upper Icy Bay
from the Gulf of Alaska.

Along a line approximately 1.5 km from the terminus of Yahtse
Glacier, a set of casts made on 29 July 2011 reveal water properties
consistent with the broader patterns described above (Fig. 3). This
profile was begun at a high tide and was completed in 2.4 h, dur-
ing which time the tide fell approximately 0.8 m. Absolute salinity

increases with depth from a minimum of 17 g kg#1 at the surface
to 30 g kg#1 at 20 m, then increases more slowly to a uniform
31.5 g kg#1 at 60 m (Fig. 3a). A sharp thermocline is present be-
tween 15 and 20 m depth, below which the water temperature
rises to 7 "C, then gradually decreases with depth (Fig. 3b). In 2010,
when a single CTD cast was made mid-fjord at this location, we
found structure similar to that shown in Fig. 2 for that year, with
10.4 "C water at 38 m depth.

The turbidity signal in 2011 is dominated by the presence of
the persistent 2011 subglacial discharge plume on the northwest
side of the fjord (Fig. 3c). The edge of the plume was sharp while
we made our casts, with an abrupt change from blue–green wa-
ter and a dense iceberg cover outside the plume to brown, rapidly
flowing water free of icebergs within the plume. Water sampled
within this plume exceeded the range of the turbidimeter (>128
Nephelometric Turbidity Units (NTU)). Below the plume (approxi-
mately 10 m depth) the turbidity fell quickly to background levels
(%10 NTU). Several less-pronouned lenses of turbid water were
also identified, the greatest of which was between 65 and 85 m
depth near the center of the fjord. This deep turbidity plume is as-
sociated with a weak, negative salinity anomaly. Dissolved oxygen
and pH were highest near the surface (Supplemental Fig. S1), with
the relatively high dissolved oxygen concentrations (%6.5 mL L#1)
at depth suggestive of renewal at subannual timescales (Supple-
mental Fig. S1 and Muench and Heggie, 1978).

Stratification is high in the shallow layers where salinity
changes rapidly, then falls off abruptly at the thermocline be-
tween 15 and 18 m, at approximately the 1024 kgm#3 isopycnal
(Fig. 3f). However, smaller instabilities with #1.5 & 10#3 " N2 "
#0.5 & 10#3 are present across the fjord down to a depth of
60–65 m. Below 65 m, the near-terminus water is less unstable,
with N2 > #0.3 & 10#3.

As all of the CTD casts in Fig. 3 reached the sea floor, we
can compare their depths with soundings made in 1981, approxi-
mately 3 yrs after the terminus of Yahtse Glacier retreated through
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this part of the fjord (Post, 1983; Porter, 1989). Thirty years prior
to our casts, the fjord bottom at our cross-section was sounded
between 173.4 and 181.4 m. Our casts, corrected to the same da-
tum, are 118.9 m deep. This implies sedimentation rates ranging
from 1.82 to 2.08 myr#1 at a mean distance of approximately
2.5 km from the glacier terminus. These sedimentation rates are
within the ranges of previous near-glacier marine sedimentation
studies within Icy Bay and elsewhere along the Gulf of Alaska
coast (e.g. Cowan and Powell, 1991; Jaeger and Nittrouer, 1999;
Koppes and Hallet, 2006; Goff et al., 2012).

5. Near-terminus single-cell estuarine circulation

Each of our hydrographic observations are consistent with the
estuarine circulation described by Motyka et al. (2003), in which
subglacial discharge emerging at depth within the fjord entrains
warm seawater and, driven by its low salinity, rises buoyantly to
the fjord surface. While rising, the seawater–subglacial discharge
mixture flows along the submarine glacier terminus, melting ice.
On the surface, the combined mixture of seawater, subglacial dis-
charge and submarine melt comprise an outflowing plume of
glacially-modified water 10–20 m thick.

The dominant circulation pattern at the head of Icy Bay ap-
pears to be shallow, glacially-modified water flowing out of the
fjord over the top of ACC water. Further from the terminus, par-
ticularly over the top of the sills, more complicated circulation
patterns likely prevail. These pathways are not a focus of this
study. In our near-terminus section (Fig. 3), we cannot entirely
rule out some component of secondary circulation, or interweaving
of glacially-modified water at multiple depths (cf., Straneo et al.,
2011). Water at 50–60 m depth is cooler and fresher than water
above or below it. This pattern extends for approximately 15 km
south from the glacier terminus. If multi-cell circulation is present,
the small size of the salinity and temperature anomalies at depth
(<0.4 g kg#1 and <1.2 "C) indicate that it is weak. The dominance
of the 10–20 m thick shallow plume and the relative homogeneity
of the deeper water is consistent with the shallowness of the LIA
sill and the single (ACC) origin of the seawater within Icy Bay.

The depths over which Gulf of Alaska seawater is entrained at
the Yahtse Glacier terminus are unclear. However, several lines of
evidence indicate that the circulation may be constrained to depths
less than 60–65 m. Between 50 and 60 m, we see an abrupt %1 "C
cooling. Below this depth, we see uniform, high salinities and a
turbid water plume near the center of the fjord. N2 is closer to
zero, indicating a decrease in small-scale instabilities and mixing.
Water near the bottom of Icy Bay may be relatively inert, and not
involved in the estuarine circulation. Regardless of the details of
the circulation, our across-fjord profile allows us to place bounds
on the properties of the seawater entrained at the terminus by
the buoyant subglacial discharge. Most likely, this entrained sea-
water is a mixture with properties intermediate between a deep
end member (S A = 31.5 gkg#1, ! = 4.45 "C) and a shallow end
member (S A = 30.9 gkg#1, ! = 6.8 "C). The mean properties over
the entire near-terminus water column, appropriate for a uniform
entrainment rate independent of depth, are S A = 30.31 gkg#1,
! = 4.94 "C.

6. Analysis of submarine melt rate

We consider the shallow, glacially-modified water (Fig. 3) to
be a mixture from three sources: ambient seawater (with proper-
ties S As , !s), subglacial discharge (S Ad,!d), and submarine glacier
melt (S Am,!m). Non-glacial freshwater sources were insignificant.
The mouth of the only watershed >10 km2 enters Icy Bay 18 km
down-fjord of the Yahtse Glacier terminus. Rain recorded by a
weather station at the Yahtse Glacier terminus during the days

leading up to our CTD casts was insignificant. Furthermore, we as-
sume that all ice melting occurs at the submarine terminus and
that iceberg melt is insignificant. We are justified in this due to our
close proximity to the terminus, iceberg keel depths that rarely ex-
tend below 20 m, cold near-surface water temperatures and strong
stratification that inhibits mixing of warmer water up to the base
of the icebergs.

On a !/S A diagram (Fig. 4), any water that is purely a mix-
ture of seawater and subglacial discharge should fall on the mixing
line joining (S Ad = 0 gkg#1, !d = 0 "C) with (S As,!s). As there
are two extreme seawater end members (a deep, cold one (a)
and a shallow, warmer one (c)) both are identified with dashed
mixing lines in Fig. 4. If ice is melted into a seawater–subglacial
discharge mixture, the final 3-component mixture will plot below
the seawater–subglacial discharge mixing line, largely as a result of
the transfer of sensible seawater heat to the latent heat needed to
melt ice (Gade, 1979; Jenkins, 1999). Nearly all of the water shal-
lower than 16 m falls below the shaded region bounded by the
two mixing lines; thus ice melt must be present at appreciable
concentrations within this shallow, outflowing plume.

To solve for the relative mass fractions of seawater, subglacial
discharge and submarine glacier melt within a given parcel of wa-
ter (Xs , Xd , and Xm respectively), we simultaneously solve the
following system of conservation equations

S As Xs + S Ad Xd + S AmXm = S A (8)

!s Xs + !d Xd + !mXm = ! (9)

Xs + Xd + Xm = 1 (10)

where (S A,!) are the measured, in-situ water properties.
Whereas S Am = 0 gkg#1, !m is reduced by a variety of factors,

the most significant of which is the latent heat necessary to melt
ice. Thus,

!m = ! f # L
cw

# ci
cw

(! f # !i) (11)

where ! f is the freezing point of seawater, L is the latent heat of
fusion, cw and ci are the specific heat capacities of seawater and
ice, and !i is the ice temperature (Jenkins, 1999). At temperate
Yahtse Glacier, where surface melt occurs during the summer even
at the highest elevations, !i = 0 "C and !m = #83.9 "C. The influ-
ence of submarine glacier melt is shown by a third mixing line in
Fig. 4, which represents the potential water properties of seawater
mixed with varying amounts of ice melt.

To place bounds on the mass fractions of ambient seawater,
subglacial discharge and submarine melt within the near-terminus
glacially-modified water, we solved Eqs. (8)–(10) at each depth and
location across the fjord using the two seawater end members.
These results (Fig. 5) reveal that up to 43% of the glacially-modified
water is subglacial discharge. Meltwater reaches maximum con-
centrations between 2.3% and 4.1% of the shallowest water lay-
ers, with mean values for Xm between 0.5 and 2.8% across the
glacially-modified water.

We emphasize that the water contents presented in Fig. 5 are
only bounds on the true values. Neither panels (a) nor (c) of Fig. 5
are correct; a more plausible model will have values of Xd and
Xm that lie between the two ends of the spectrum (Fig. 5b). For
example, for the depth-averaged water properties (S As = 30.31,
!s = 4.94 "C), the mean Xm = 1.1%. These results are summarized
in Table 1.

In order to calculate submarine melt rates from our mass frac-
tions, we must make an assumption about the currents within
Icy Bay. Previous studies in glacierized fjords have demonstrated
that instantaneous velocities, such as those measured with acous-
tic Doppler current profilers (ADCP), do not necessarily reflect the
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Fig. 4. Measurements of S A and ! at 1 m depth intervals for each of the 7 CTD casts shown in Figs. 1 and 3. Two potential seawater end members (S As,!s) are circled in
thick black lines and labeled as (a) and (c) to match Fig. 5. Mixing lines between these end members and subglacial discharge are shown as gray dashed lines and the region
between these subglacial discharge mixing lines is lightly shaded. A mixing line with ice melt (Gade, 1979; Jenkins, 1999) for the cool and deep seawater end member is
shown as a solid, gray line. Meltwater lines for other !/S A values have similar slopes. Finely-dotted contours of potential density anomaly ("S A ,!,0 # 1000) are labeled in
kgm#3.

Fig. 5. The spectrum of deep to shallow possible water circulation patterns. (a) and (c) represent the extreme end members of the estuarine circulation. (b) represents a more
plausible model, in that it is characterized by a more complex circulation that involves the entire fjord depth, and is bracketed between (a) and (c). Cartoons (approximately
to scale, with vertical exaggeration) are longitudinal cross-sections illustrating circulation in which (a) only deep, cool seawater is entrained and melts ice at the terminus,
(b) some combination of the entire water column melts ice along the terminus, and (c) only shallow, warm water is entrained and melts ice. Lower panels show the values
of Xm and Xd of the glacially-modified water, calculated from the solution of Eqs. (8)–(10) for (a) S As = 31.5 gkg#1, !s = 4.45 "C and (c) S As = 30.9 gkg#1, !s = 6.8 "C. The
values in (a) and (c) bound the actual water contents that result from the pattern of circulation illustrated in case (b). The locations of CTD casts and the 3 and 5 "C contours
are shown as in Fig. 3.

average currents necessary to identify melt rates (Straneo et al.,
2011). Instead, we draw on our time lapse photographs of the up-
per fjord and field observations of drift rates to estimate ugmw, the
mean current within the approximately 18 m-thick outflowing sur-
face plume.

The time lapse photograph sequence reveals two distinct re-
gions of near-surface water flow. Outside of the turbid subglacial
discharge plume, icebergs drift slowly in the absence of any strong
currents (left side of fjord in Fig. 6 and Supplemental Movie). In
contrast, icebergs that enter the persistent subglacial discharge
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Table 1
Estimates of submarine melt for three different choices of seawater (S As,!s) mixed through Eqs. (8)–(10). Mean Xm is the mean meltwater mass fraction in the glacially-
modified water. Heat transport is the power necessary to melt Qm . Qd is an estimate of subglacial discharge within the glacially-modified water. Note that Qm represents a
flux of ice lost to submarine melt, whereas Qd if a flux of water. † Comparison between ui and ṁ reveals that ṁ cannot exceed 17 md#1.

Choice of
(S As,!s)

Mean Xm
(%)

Qm
(m3 s#1)

Heat transport
(109 W)

ṁ
(md#1)

Qd
(m3 s#1)

Warm end member 2.8 120 38 52† 650
Mean of water column 1.1 49 15 20† 650
Cold end member 0.5 20 6 9 800

Fig. 6. View south of Icy Bay, over the terminus of Yahtse Glacier, one day prior
to the CTD casts that serve as the basis for this study. Image is a still frame taken
from Video 1, in which the icebergs on the left (SE) 3/4 of the fjord are slowly
circulating in the absence of strong near-surface currents. On the right (NW) side,
the brown subglacial discharge plume with strong currents rapidly sweeps floating
icebergs south into Icy Bay.

plume are quickly carried away from the glacier terminus. The
turbid, brown surface of the subglacial discharge plume largely
remains iceberg free. Boat drift rates at the time of our casts
were consistent with this pattern. While we did record a rela-
tively weak down-fjord drift outside of the plume, the drift rate
inside the plume was far faster, exceeding 0.50 ms#1. While
this observation is contemporaneous with the hydrographic sur-
vey, the timelapse photographs indicate that the swift currents
within the turbid plume are persistent for several months around
our survey. To ensure that our assessment of submarine melt
rate is conservative, we assume that a 0.50 ms#1 current is con-
fined to those parts of the fjord cross-section where the turbid-
ity was high, in excess of 70 NTU (Fig. 3c). We assume that
no current exists elsewhere within the cross-section of glacially-
modified water. If we average the 0.50 ms#1 current of the tur-
bid water and the zero current elsewhere, ugmw = 0.084 ms#1.
This estimate is similar to the mean currents reported in other
glacierized fjords (e.g., Motyka et al., 2003; Rignot et al., 2010;
Sutherland and Straneo, 2012).

These calculations require that our currents and water proper-
ties represent tidally averaged conditions. Two lines of reasoning
support this. First, tidal currents are small near the head of inlets
with negligible tidal flats. A first-order, continuity-based estimate
for tidal currents under these circumstances (Eq. (13) of Friedrichs
and Aubrey, 1994) indicates that tidal currents during our cast pro-
file were 0.0018 ms#1. This is more than an order of magnitude
smaller than ugmw. Second, the flushing time for the portion of the
fjord north of our casts (i.e., the fjord volume north of the profile
divided by the flux of glacially-modified water) is approximately
1 day, larger than the semi-diurnal tidal timescale.

If we multiply ugmw by the cross-sectional area of the glacially-
modified water and its meltwater content, we arrive at meltwater
fluxes for each of our choices of (S As,!s) in Fig. 5. We estimate
that the vertical surface area of the submarine portion of the ter-
minus is 0.21 km2 by fitting a parabola through the maximum
fjord depth. Because we assume that meltwater is sourced uni-
formly over the submarine terminus, we arrive at submarine melt
rates between 9 and 52 md#1 (Table 1). For the case of the mean
salinity and temperature, ṁ = 20 md#1. However, application of
Eq. (5) reveals that ṁ should not exceed 17 md#1 (next section).

7. Comparison between submarine melt rate and the
near-terminus glacier velocity

Ice surface speeds near the glacier terminus derived through
the calibrated image cross-correlation are 17 md#1 during the
July 2011 hydrographic survey (results not shown). As at other
rapidly flowing, tidewater glaciers, we assume that motion be-
tween the glacier and its bed makes up the significant majority
of the speed recorded at the surface (e.g., Meier et al., 1994).
Furthermore the thickness (%180 m) to width (2700 m) aspect
ratio of the Yahtse Glacier terminus is small. Thus we expect
that lateral stress and velocity gradients will be small and the
ice flow speed near the middle of the glacier is representative of
the entire terminus area. While we cannot precisely quantify the
depth- and width-averaged, terminus-normal glacier velocity ui ,
it is most likely not significantly less than the observed rate of
17 md#1.

At Yahtse Glacier, the terminus position change dL/dt over one
day is insignificant; Eq. (5) is appropriate and, on average, ċ + ṁ =
17 md#1. Thus, 52 md#1 of submarine melt is contradicted by
observations; ċ # 0 md#1, so ṁ " 17 md#1. Because we estimate
9 md#1 as a lower bound on ṁ, the submarine melt rate is at
least 50% of and may easily control the entire frontal ablation rate.
Subaerial calving still occurs, but we find that it is likely paced by
the rate at which submarine melt undercuts the terminus.

8. Discussion

8.1. Additional assessments of our melt rate calculation

Similar to our method of calculating the meltwater flux, we
can determine the subglacial discharge Qd by multiplying ugmw
by the cross-sectional area of the glacially-modified water and its
subglacial discharge content. Depending on our choice of seawa-
ter source (Fig. 5), we find Qd is between 650 and 800 m3 s#1

(Table 1). We can compare this hydrographic estimate with an in-
dependent estimate of Qd calculated from ablation over the entire
1020 km2 surface area of Yahtse Glacier. During the 2011 melt
season, the Michigan Tech Research Institute measured ablation
at Bering Glacier, another highly-crevassed coastal glacier 70 km
west of Yahtse Glacier. From their results, we derive an elevation-
dependent ablation rate for the period immediately preceding our
CTD casts. Then, by applying this ablation function to the hypsom-
etry of Yahtse Glacier and assuming there are no changes in glacier
water storage, we arrive at an ablation-based estimate for Qd of
363 m3 s#1, approximately half the hydrographic estimate for sub-
glacial discharge.

All of the rates presented within Table 1 scale linearly with
ugmw. The assumption of no change in glacier water storage is
crude, but if the ablation rate Qd estimate is correct and the hy-
drographic estimates for Qd are too large by a factor of 2, then
the ugmw and ṁ are also large by a factor of 2. In this case, bet-
ter bounds would be 4.5$ ṁ $ 26. A 2-D numerical model based
on Jenkins (2011) is another approach for estimating ṁ, which
is entirely different than our method of un-mixing the glacially-
modified water. Application of this model to our CTD casts, under
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Fig. 7. Estimate of the timing of submarine melt for Gulf of Alaska tidewater glaciers.
Values are calculated according to Eq. (6) with p = 1/3 by application of the
monthly mean 20-m-depth conservative temperature from GAK1 (Royer, 2005), and
the monthly mean freshwater discharge to the Gulf of Alaska (Royer, 1982). The an-
nual cycle is not significantly different with p = 1/2. Melt rates are normalized by
the maximum monthly rate of the 42-yr mean. The 42-yr mean uses temperature
data from opportunistic casts made between 1970 and 2011; January is the least-
represented month, with measurements from 14 yrs. The 2009–2011 data use the
monthly mean temperature recorded by a mooring (Fig. 2d).

the assumption that subglacial discharge is released evenly across
the width of the terminus, suggests that our estimate of ṁ may be
high by a factor of 2–3 (Jenkins, 2013). However, the similarity of
the results from each of these approaches increases our confidence
in the magnitude of our ṁ calculation.

8.2. Seasonal to interannual context

Our late July measurements from each year are a snapshot from
an annual cycle. Salinity and temperature of the ACC vary season-
ally and we expect ṁ to as well. After rising through a series of
step increases, near-surface temperatures within the ACC typically
reach their maximum values (%13 "C) in July and August before
decaying through the fall and winter (Fig. 2d and Royer, 2005).
During the summer, increases in temperature may be associated
with decreases in salinity.

Relatively small-scale deviations from these seasonal patterns
appear manifest within our Icy Bay casts. In 2010, the temper-
ature of the ACC stepped from 9 to 11 "C, 18 days prior to our
measurement for that year (Fig. 2d). Steps to similarly warm tem-
peratures occurred either during or after our 2009 and 2011 mea-
surements. In those years, temperatures prior to the casts were
cooler and barely exceeded 9 "C. This interannual contrast in the
ACC is reflected in the contrast among our Icy Bay CTD casts. The
pronounced warmth between 20 and 60 m in 2010 demonstrates
that the water reaching the heads of Icy Bay’s glacierized fjords is
strongly connected to the water on Alaska’s continental shelf.

We can determine a first-order time series of submarine melt
rates for Yahtse and other tidewater glaciers around the Gulf of
Alaska by applying Eq. (6) to the ACC temperature (a proxy for !s)
and estimates of freshwater discharge to the Gulf of Alaska from
Royer (1982) (a proxy for q). Freshwater delivery to the ACC (in-
cluding contributions from subglacial discharge) peaks between
September and November, with values roughly twice those typical
of July. This calculation reveals that the submarine melt rate typi-
cally peaks in September, when the ACC is warm and powerful fall
storms drench the Gulf of Alaska (Fig. 7). July ṁ is typically 70% of
the September maximum, however, due to the unseasonably cool
July 2011 water temperatures, our calculations reveal that typi-
cal September ṁ may be 1.8 times greater than we report in this
study. In a typical year, submarine melt rates may be at least as
high as we report during 6 months of the year. Again, ṁ" ui , but

these simple calculations emphasize the significance of submarine
melt as a controlling mass loss process at Yahtse Glacier.

We expect that submarine melting may be an important driver
of the seasonal cycle of terminus advance and retreat observed
at Yahtse Glacier. The terminus is most-advanced in the spring,
after the minimum in melt rate, and most-retracted in the fall, af-
ter the maximum in melt rate. Motyka et al. (2003) and Ritchie
et al. (2008) report similar observations at LeConte and Hub-
bard Glaciers. Seasonal terminus retreat has also been reported
at Columbia Glacier. There, the development of “seasonal embay-
ments” (locally retracted regions of the terminus) were also as-
sociated with the location of turbid subglacial discharge plumes
(Sikonia and Post, 1980; Krimmel and Vaughn, 1987). Sikonia and
Post (1980) demonstrated a strong link between a proxy for sub-
glacial discharge and frontal ablation rate. A seasonal embayment
was present at Yahtse Glacier for much of the summer of 2011,
where the terminus above the persistent, turbid plume retracted
400 m behind the rest of the terminus (Fig. 1b).

8.3. Onset of rapid tidewater glacier retreat

At their most-advanced positions, many Alaskan tidewater
glaciers terminated on shallow shoals that have the potential
to shield the glacier terminus from warm water at depth. The
LIA maximum at Icy Bay is no deeper than 17 m; elsewhere
in Alaska, sills are similarly shallow (Muench and Heggie, 1978;
Walters et al., 1988). Subglacial discharge emerging at depths less
than 20 m would only entrain cool water against the glacier termi-
nus and melt rates would have been small. However, once retreat
begins (perhaps through a change in climate; Post et al., 2011),
ambient seawater may be exchanged with the deepening basin in
front of the terminus and discharge of subglacial water at greater
depths initiates the estuarine circulation described in this study
and in Motyka et al. (2003). Submarine melt rates will increase.

As the terminus retreats into yet deeper water, more submarine
ice surface area is exposed to warm seawater and Qm increases,
even if ṁ remains constant. Even in %110 m deep water, the
glacially-modified water that emerges at the surface of Icy Bay is
several degrees above its freezing point, and thus could potentially
melt more ice. Therefore, we can expect submarine melt to in-
crease if the terminus is exposed to more warm water at depth.
This mechanism offers a potential physical explanation for empir-
ical relationships between water depth and frontal ablation rate
(Brown et al., 1982; van der Veen, 2002).

8.4. Comparison with other glacier–fjord systems

Subglacial discharge and warm seawater promote submarine
melt together (Eq. (6)). If the flux of subglacial discharge is the
same in two different fjords, we expect submarine melt rates in
the narrower fjord to be greater than those in the wider fjords.
In narrow fjords, subglacial discharge is focused beneath a narrow
glacier terminus (q is greater), more warm seawater is entrained
(Jenkins, 2011), and a larger proportion of the glacier terminus
undergoes significant submarine melt. Overall, Qm is greater for
narrow fjords, than for wide fjords. Similarly, q is also greater at
glaciers with larger rates of subaerial surface melt. These glaciers
should also experience larger rates of submarine melt. Thus, the
submarine melt rate is linked to surface melt and runoff on the
glacier surface.

In contrast, we anticipate less submarine melt where glaciers
with low surface melt rates flow steeply down to tidewater
within a wide fjord. This is the case at the East Greenland out-
let glaciers, including Helheim and Kangerdlugssuaq Glaciers. At
Helheim Glacier, mid-summer subaerial melt production is esti-
mated at 170 m3 s#1 (Andersen et al., 2010), approximately half
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the melt at Yahtse Glacier, and is released at a glacier terminus
that is twice as wide as that of Yahtse Glacier. Thus, it is not
surprising that the submarine melt rates are small, approximately
2 md#1 (even disregarding the contrast in seawater temperature
Sutherland and Straneo, 2012). Furthermore, the buoyancy flux
provided by subglacial discharge is insu!cient to bring all of the
mixed, glacially-modified water to the surface (Straneo et al., 2011;
Sciascia et al., 2013). Therefore, the fjord in front of Helheim
Glacier is characterized by a more complicated circulation pattern,
with glacially-modified water found at depth, as well as on the
surface.

The relative warmth of the ACC compared with the east and
west coasts of Greenland also plays an important part in governing
submarine melt (Weingartner et al., 2005; Straneo et al., 2012).
These differences in temperatures on the shelf propagate up-fjord
and persist at the glacier terminus. The temperature of the ACC is
at least 8 "C warmer than the water temperature at the mouths of
Greenlandic fjords (Straneo et al., 2012) and at least 11 "C warmer
than the water off the coast of Antarctica (Pritchard et al., 2012).
These temperature contrasts can be expected to yield melt rates at
Alaskan glaciers that are severalfold greater than those at either of
the polar ice sheets (Eq. (6)).

Further contrasts among glacier–fjord systems, such as ice flow
rate or advance/retreat state of the terminus, are unlikely to have a
direct effect on the submarine melt rate. Indirect effects may come
about through development of submarine moraines that can shield
the terminus from the warmest water (Section 8.3), or through the
generation of meltwater at the glacier bed. Faster flowing ice, with
a more dynamic subglacial hydrologic system, can potentially move
sediment more quickly to the terminus than slower flowing ice. If
a glacier terminus is also advancing or stable, then that sediment
will contribute to the development or maintenance of a submarine
terminal moraine.

9. Conclusions

Near the front of Yahtse Glacier, a tidewater glacier terminat-
ing in Icy Bay, we quantified the heat deficit of the water within
the cold surface layer to place bounds on the rate of submarine
melt. We have demonstrated that submarine melt has the potential
to match the speed at which ice flows into the terminus. There-
fore, calving of subaerial icebergs may largely be a response to
undercutting of the terminus during our observation period. Be-
cause approximately one third of this grounded glacier terminus is
above sea level, one third of frontal ablation at Yahtse Glacier is
subaerial calving. However, the rate at which subaerial calving oc-
curs may be controlled by how quickly submarine melt removes
the pedestals on which subaerial seracs rest. Process-based mod-
els that attempt to predict iceberg calving without accounting for
submarine melt are unlikely to be successful.

Observations in the field are consistent with the results of this
study. We observed rapid terminus retreat (the “seasonal embay-
ment” of Section 8.2) in the vicinity of upwelling, turbid sub-
glacial discharge, and a dearth of submarine iceberg calving events.
During an early-June observation period, only 6% of visually-
observed calving events involved a submarine-released iceberg de-
spite an estimated 65% of the terminus being below sea level
(Bartholomaus et al., 2012). Similar to the case at LeConte Glacier
(Motyka et al., 2003), subglacial discharge produced by several
cmd#1 ablation over an extensive subaerial glacier surface exits
through a relatively narrow glacier terminus. This drives convec-
tion at the glacier front that entrains warm, ambient seawater,
melts the submarine terminus, and generates a 10–20 m-thick sur-
face layer of water flowing out away from the glacier terminus.

We note that large, 9–17 md#1 melt rates are insu!cient on
their own to drive terminus retreat. Rather, the terminus of Yahtse

Glacier has been advancing at 100 myr#1 for the last two decades.
Similarly, most of Alaska’s tidewater glaciers are presently stable,
despite the observed 0.3 "C per decade temperature increase of the
ACC since the 1970s (McNabb and Hock, submitted for publication;
Royer and Grosch, 2006). These observations demonstrate that
other factors, such as glacier geometry, must also be important in
dictating whether rapid submarine melt will be associated with
terminus retreat.

Submarine melt represents an important link between the
ocean and tidewater glaciers. In East Greenland, increased freshwa-
ter discharge to the coastal current enhances the rate at which cold
water is advected from the north, potentially reducing submarine
melt and stabilizing the tidewater glaciers found there (Murray et
al., 2010). On the Alaska coast, the effect is opposite: as freshwa-
ter runoff increases, the ACC more rapidly transports warm water
from lower latitudes to the mouths of Alaskas fjords (Royer, 1982;
Weingartner et al., 2005). This feedback has been implicated in the
ACC warming (Royer and Grosch, 2006). Should rates of freshwa-
ter delivery continue to increase (Neal et al., 2010), we can expect
the strong links between the ACC and glacierized fjords to enable
future increases in submarine melt rates.
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