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Abstract 
Frontal ablation, the combination of submarine melting and iceberg calving, changes the geom- 
etry of a glacier’s terminus, influencing glacier dynamics, the fate of upwelling plumes and the 
distribution of submarine meltwater input into the ocean. Directly observing frontal ablation 
and terminus morphology below the waterline is difficult, however, limiting our understanding 
of these coupled ice–ocean processes. To investigate the evolution of a tidewater glacier’s submar- 
ine terminus, we combine 3-D multibeam point clouds of the subsurface ice face at LeConte 
Glacier, Alaska, with concurrent observations of environmental conditions during three field 
campaigns between 2016 and 2018. We observe terminus morphology that was predominately 
overcut (52% in August 2016, 63% in May 2017 and 74% in September 2018), accompanied 
by high multibeam sonar-derived melt rates (4.84 m d−1 in 2016, 1.13 m d−1 in 2017 and 
1.85 m d−1 in 2018). We find that periods of high subglacial discharge lead to localized 
undercut dis- charge outlets, but adjacent to these outlets the terminus maintains significantly 
overcut geom- 
etry, with an ice ramp that protrudes 75 m into the fjord in 2017 and 125 m in 2018. Our data 
challenge the assumption that tidewater glacier termini are largely undercut during periods of 
high submarine melting. 

 
 

Introduction 

Ice loss from tidewater glaciers worldwide has accelerated in recent decades (e.g. Mouginot and 
others, 2019) due to a decrease in surface mass balance and an increase in ice discharge to the 
ocean (e.g. Enderlin and others, 2014; Van Den Broeke and others, 2016). A primary driver of 
increased mass loss into the ocean has been oceanic warming, through its influence on glacier 
frontal ablation, which is the combination of iceberg calving and submarine melting (Motyka 
and others, 2003; Holland and others, 2008; Howat and others, 2008; Straneo and others, 2013; 
Wood and others, 2018; Kochtitzky and others, 2022). Frontal ablation changes the geometry 
of a glacier’s terminus, and can influence glacier dynamics by reduced resistance to glacier flow 
(Podrasky and others, 2014) through detachment from pinning points in the fjord (Benn and 
others, 2007) and retreat from a stable grounding line (Catania and others, 2018). Changes in 
terminus geometry can also impact the upwelling of subglacial discharge plumes (Jenkins, 
2011; Slater and others, 2017), thereby altering near-glacier ocean currents that affect submar- 
ine melt rates and creating a complex feedback lop between glacier change and ocean circula- 
tion. While the feedbacks between ocean properties and glacier change have been recognized 
as important, process-based understanding of this relationship is still underdeveloped, largely 
due to the lack of observational data close to tidewater glacier termini. 

The timing and magnitude of changes in tidewater glacier geometry are controlled by two 
processes: iceberg calving and submarine melting. Iceberg calving events occur due to brittle 
failure of ice, causing rapid and jagged changes in shape (Benn and others, 2007; Fried and 
others, 2019). On the contrary, submarine melting is thought to depend on the velocity and 
temperature of the ocean near the ice–ocean interface, resulting in more gradual changes to 
glacier terminus geometry (Holland and Jenkins, 1999; Jenkins, 1999; Fried and others, 
2019). Based on the assumption that submarine melt scales with water velocity adjacent to 
the ice, melt rates near the location of upwelling subglacial discharge plumes are thought to 
be higher than those away from discharge outlets (Cowton and others, 2015; Slater and others, 
2015; Carroll and others, 2016). Recent work, however, has shown that submarine melt rates 
can be up to two orders of magnitude higher than those predicted by plume-melt theory 
(Sutherland and others, 2019; Jackson and others, 2020, 2022), which describes the coupling 
of buoyant plume theory with a three-equation melt parameterization (Holland and Jenkins, 
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Figure 1. Study area. (a) Sentinel 2-A image of LeConte Glacier and Bay in September 2018 with markers indicating the location of the TRI and the upper time-lapse 
cameras (yellow square), the lower time-lapse cameras (yellow triangle), as well as the collected multibeam point clouds (black: August 2016, red: May 2017, blue: 
September 2018). An example reference transect (black line) and rotated coordinate system (red dashed lines) is shown overtop the glacier. Map is referenced to 
UTM Zone 8N and the inset shows location of LeConte Glacier in southeast Alaska. (b) Example output from multibeam sonar showing the subaerial and submarine 
terminus geometry, gridded bathymetry and reference plane used for projection and gridding of the point clouds (grey rectangle). Image of the subaerial terminus 
was acquired from UAV imagery and manually lined up with the submarine terminus. Dashed lines correspond with the transects taken for panels a–c in Figure 2, 
and all vertical transects are shown in a Supplementary video. 

 

1999; Jenkins, 2011; Cowton and others, 2015), particularly away 
from the direct influence of discharge plumes. 

Although often considered separately, submarine melting can 
influence iceberg calving through changes to the geometry of 
the submarine terminus. Several studies have suggested that sub- 
marine melting alters the stress state in the near-terminus region, 
exerting a first-order control on the calving regime of tidewater 
glaciers (e.g. O’Leary and Christoffersen, 2013; Benn and others, 
2017; Cowton and others, 2019; Ma and Bassis, 2019; Slater and 
others, 2021). When iceberg calving rates are larger than they 
would be in the absence of submarine melting, this is referred 
to as a ‘calving multiplier’ (O’Leary and Christoffersen, 2013; 
How and others, 2019; Ma and Bassis, 2019). In glacier evolution 
models, iceberg calving events are typically parameterized based 
on ice thickness, grounding line depth, ice stresses and glacier vel- 
ocities (Amaral and others, 2020). The dearth of temporally 
evolving 3-D terminus geometries has made validation of these 
models difficult (Ma and Bassis, 2019); therefore, prior investiga- 
tions into ‘calving multipliers’ have relied on idealized submarine 
terminus morphologies, typically either undercut or assuming a 
vertical calving face. A growing body of evidence suggests the 
presence of various overcut morphologies, including underwater 
ice ramps (Hunter and Powell, 1998; Motyka and others, 1998; 
Rignot and others, 2015; Wagner and others, 2016, 2019; 
Mercenier and others, 2019, 2020), terraces (Sugiyama and others, 
2019) or grounding line toes (Fried and others, 2019), for which 
the influence on near-terminus stresses is largely uninvestigated. 
Understanding the 3-D geometry and evolution of the subsurface 
terminus is therefore essential for predicting feedbacks between 
ocean-driven melting and near-terminus glacier dynamics. 

Directly observing time-varying terminus geometry is challen- 
ging due to hazardous field conditions near the front of tidewater 
glaciers. A handful of studies have used multibeam sonar in 
Alaska (Sutherland and others, 2019) and Greenland (Fried and 
others, 2015, 2019; Rignot and others, 2015; Wagner and others, 
2019) to map the terminus beneath the waterline in 3-D space. 
These surveys show heterogeneous morphology across the width 
of the terminus, with evidence of large undercut regions present 

at the location of subglacial discharge plumes and more vertical 
terminus slopes away from these discharge outlets (Fried and 
others, 2015, 2019; Rignot and others, 2015). Such variations in 
terminus morphology are unlikely to be driven by glacier flow, 
which is often dominated by sliding near the terminus and typic- 
ally assumed to be nearly spatially uniform from the bed to the 
surface. This suggests that these varying morphologies result 
from different frontal ablation processes across the width and 
depth of a glacier’s terminus: melting by deep, warm water 
drawn in by subglacial discharge at depth (Rignot and others, 
2015; Fried and others, 2019) can produce undercutting, calving 
in the upper water column (Fried and others, 2019) would pro- 
duce overcutting and ocean-driven ambient melting away from 
the discharge plume (Sutherland and others, 2019; Wagner and 
others, 2019) may create differing local geometries. Each of 
these surveys, however, is limited to one point in time, preventing 
us from investigating the evolution of the submarine terminus 
and understanding the relationship between local environmental 
forcings, terminus geometry and glacier dynamics. 

Here we use a novel dataset from LeConte Glacier (Xeitl Sít’ in 
Tlingit), Alaska, to investigate the temporal evolution of the sub- 
surface terminus and relate it to the spatial patterns and drivers of 
frontal ablation. We combine high-resolution maps of the gla- 
cier’s submarine terminus from repeat multibeam sonar imaging 
with concurrent observations of subaerial geometry derived from 
terrestrial radar interferometry and time-lapse imagery collected 
during three field campaigns between 2016 and 2018. Our results 
provide the first concurrent observations of time-varying 3-D ter- 
minus geometry and environmental forcings, allowing us to inves- 
tigate the evolution of the submarine terminus across a wide 
parameter space of environmental conditions.  

 
Physical setting 
LeConte Glacier is a fast-flowing (15–25 m d−1) tidewater glacier 
that terminates in LeConte Bay (Xeitl Geeyi’ in Tlingit), ∼30 km 
from Petersburg in southeast Alaska (Fig. 1a; O’Neel and others, 
2001). With a terminus width of ∼1 km and a maximum 
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grounding line depth of 200 m (Sutherland and others, 2019), the 
dimensions of LeConte Glacier make it a relatively accessible ana- 
log for smaller outlet glaciers around the periphery of the 
Greenland ice sheet. In addition, the springtime oceanic tempera- 
ture and water column stratification at LeConte Glacier are similar 
to typical conditions observed in Greenlandic proglacial fjords 
(Jackson and others, 2022). Throughout the year, the glacial sys- 
tem is exposed to a range of ocean temperatures (4–7°C at depth; 
Hager and others, 2022) and subglacial discharge (20–350 m3 s−1; 
Amundson and others, 2020), with outflowing plumes (Motyka 
and others, 2003) and a recirculation gyre (Kienholz and others, 
2019) typically visible in the near-terminus surface waters. 
Several prior studies at LeConte Glacier using a combination of 
ocean observations both further from (∼1.5 km away; Motyka 
and others, 2003, 2013; Jackson and others, 2022) and near the 
glacier terminus (∼350 m away; Jackson and others, 2020), as 
well as multibeam sonar (Sutherland and others, 2019), found 
very high rates of ocean-driven melting at the glacier (up to 15 
m d−1), accounting for up to 50% of the total ice flux to the ter- 
minus in the summer months. Additional near-terminus autono- 
mous kayak surveys revealed the ubiquitous presence of ambient 
meltwater intrusions into the proglacial fjord, suggesting elevated 
rates of submarine melting even several hundred meters from the 
upwelling subglacial discharge plume (Jackson and others, 2020). 

 

Methods 

Submarine glacier morphology 

We surveyed the glacier terminus and proglacial bathymetry using 
a Reson SeaBat 7111 multibeam echosounder and Applanix POS/ 
MV 320 Wave Master in August 2016 and a Reson SeaBat T50-P 
multibeam system in May 2017 and September 2018 to investigate 
the 3-D geometry and evolution of the submarine terminus 
(Fig. 1b). We inserted a 15° wedge into the multibeam system 
to enable scanning of the grounding line and the submarine ice 
face at a distance of ∼300 m from the terminus following the 
methods of Sutherland and others (2019). This side-scanning 
multibeam sonar produces a 3-D point cloud from the fjord 
floor to ∼20 m below the fjord’s surface. We determined the 
grounding line by using a break in the slope of the point cloud 
(Sutherland and others, 2019; Eidam and others, 2020). Scans 
of the terminus collected within 1 h of each other were combined 
so that each scan then represented a single trip to the ice face and 
covered as much of the submarine terminus as possible. This 
resulted in six near-complete terminus scans between 9 and 15 
August 2016, five scans between 10 and 12 May 2017 and 13 
scans between 13 and 18 September 2018. To assess the error of 
these point clouds, we compared the data over two patches of bed- 
rock (∼15 000–17 000 m2) near the terminus, finding maximum 
errors of 5.3 m in August 2016, 2.6 m in May 2017 and 2.4 m 
in September 2018 (Sutherland and others, 2019; Eidam and 
others, 2020). 

Next, we defined a 2-D reference plane up-glacier from the ter- 
minus and perpendicular to ice flow onto which we projected and 
gridded the point clouds at resolutions of 5–20 m to account for 
uncertainty in our projection of a 3-D point cloud onto a 2-D 
plane (Fig. 1b; Sutherland and others, 2019). For the gridded scans, 
we calculated the vertical and horizontal slopes of the terminus for 
each gridcell. These slopes were then smoothed with a box filter 
(3 × 3 gridcells) for each scan to remove high-frequency noise. 

 

Subaerial glacier morphology 

To quantify the rate of change of the glacier’s subaerial terminus, 
we used a terrestrial radar interferometer (TRI) in August 2016 

and May 2017 and time-lapse imagery in September 2018. The 
instruments were all deployed on a ridge to the south of the ter- 
minus throughout each field campaign (August 2016 and May 
2017: 415 m above sea level, 56.8286° N, 132.3418° W; 
September 2018: 63 m above sea level, 56.8314° N, 132.3595° 
W; Fig. 1a). 

 
Terrestrial radar interferometry 
We used a Gamma Remote-Sensing TRI to measure both the gla- 
cier velocity and terminus position in August 2016 and May 2017. 
The TRI is a Ku band (λ = 1.74 cm) real aperture imaging radar 
with a maximum range of 16 km and an azimuth resolution 
of ∼3 m in the near field (0.4 km) and ∼21 m in the far field 
(3 km). The TRI conducted scans at ∼3 min intervals over a 
radar swath of 120°. To enable terminus delineation, the radar 
backscatter images were projected into Cartesian space, georectified 
to UTM Zone 8N, and then gridded at 5 m (Sutherland and others, 
2019). The terminus position was then manually digitized on the 
georectified radar backscatter images with a time separation of 
2 h. To reduce location uncertainty in the terminus position, this 
delineation process was repeated twice. All processing of TRI 
data was done with Gamma proprietary software and an associated 
Python module (https://bitbucket.org/luethim/gpritools). 

 
Time-lapse imagery 
In September 2018 we used time-lapse imagery from a camera 
(18 mm Canon Rebel housed within a Harbortronics 
Time-Lapse package) with a 30 s photo interval deployed on a 
ridge to the south of the glacier’s terminus to observe the evolu- 
tion of the terminus at the waterline. The waterline position was 
outlined in ArcGIS for photos taken every 30 min and projected 
into map coordinates (UTM Zone 8N) using a camera model 
(Kienholz and others, 2019). The RMSE was calculated between 
the delineated waterline positions and closest drone-derived ter- 
minus position in time, finding uncertainty of 3 ± 2 m in the 
time-lapse image-derived waterlines. 

 
Ice velocity 

Glacier velocities were derived from a TRI in August 2016 and 
May 2017 and drone imagery in September 2018. The average 
ice velocity from each field campaign was extracted along the cor- 
responding transect used for the multibeam point cloud projec- 
tion and gridding (Fig. 1b; Fig. S1). To account for differences 
in ice velocity between the reference transect and the terminus 
due to strain of the ice, we additionally extract a transect of ice 
velocity as close to the terminus as possible and include this dif- 
ference in our melt rate uncertainty estimates. 

 
Terrestrial radar interferometry 
The ice flow direction near the terminus was nearly perpendicular 
to the radar line-of-sight, precluding us from using interferometry 
to calculate near-terminus ice velocities. We instead gridded the 
georectified radar backscatter images at 10 m resolution and 
then applied normalized cross-correlation from the Python 
openPIV module (Bouguet, 2000) with a correlation window 
size of 16 × 16 pixels (160 m × 160 m) and 50% overlap to calcu- 
late ice speed (as described in Sutherland and others, 2019). The 
resulting velocity fields were then stacked and averaged for each 
field campaign. 

 
Drone imagery 
To obtain glacier velocities in September 2018, we flew 12 cam- 
paigns with a DJI Phantom IV Pro Quadcopter over the lower 
130 m of the glacier. We created DEMs over the lower glacier 
for each campaign using Structure from Motion photogrammetric 
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processing in Agisoft PhotoScan (as described in Jackson and 
others, 2022), with ground control points on both sides of the ter- 
minus. Glacier velocity fields were generated using feature track- 
ing in openPIV (Bouguet, 2000) of shaded relief DEMs 
separated by ∼24 h. 

 
Glacier change in time 

To investigate the impact of environmental forcings on glacier 
geometry, we calculated frontal ablation (FA) of both the subaerial 
terminus, using the TRI and time-lapse imagery, and the submar- 
ine terminus using the multibeam sonar data (Eqn (1)). We dif- 
ferenced all multibeam point clouds within a field season that 
had a time separation of more than 0.5 d (equivalent to 5–10 m 
of ice advection) to obtain the rate of change in terminus position 
(dL/dt). We then subtracted the terminus position change (dL/dt) 
from the ice velocities (Uice) derived from the TRI in August 2016 
and May 2017 and the drone imagery in September 2018 to give 
us a rate of frontal ablation (FA), where 

 
FA(y, z, t) = Uice(y, t) − 

dL (y, z, t)
 

and salinity below the approximate depth of the thermocline in 
the fjord (from 75 m to the grounding line depth; Fig. S3). 

 
Subglacial discharge 
Subglacial discharge was estimated using a distributed enhanced 
temperature index model (Hock, 1999) coupled to an accumula- 
tion model and linear reservoir-based discharge routing model 
(Hock and Noetzli, 1997) as described in Amundson and others 
(2020). Inputs for this model include local meteorological condi- 
tions recorded with a Campbell Scientific Weather Station located 
near the TRI and time-lapse cameras. These data were success- 
fully correlated with observations from the nearby (∼30 km) 
Petersburg Airport, which allowed for the creation of a continu- 
ous time series of precipitation and temperature throughout our 
observation period (Sutherland and others, 2019; Fig. S4). 

To identify the location across the glacier where the subglacial 
discharge plume would likely originate, we calculated the 
hydraulic pressure potential (P; Eqn (2)) and head (H; Eqn (3)) 
(Shreve, 1972): 

 
P = r g(ZI − ZB) + r gZB (2) 

dt 
= C(y, z, t) + m˙ (y, z, t) 

(1) 
i w 

 
 

H = 
P

 
 

 
 
 

(3) 
Frontal ablation was then separated into its two components, ice- 
berg calving (C) and submarine melting (m˙ ). Our calculation of 
submarine melt rate follows the methodology from Sutherland 
and others (2019), with a slightly modified approach to account 
for iceberg calving events that extend beneath the waterline. 
When calculating melt rates from multibeam sonar at LeConte 
Glacier in August 2016 and May 2017, Sutherland and others 
(2019) excluded regions of the submarine terminus where sub- 
aerial iceberg calving events were recorded with the TRI between 
multibeam scans. This can potentially exclude submarine melt 
rates from portions of the submarine terminus where subaerial 
calving events did not extend beneath the waterline. 

Instead, here we assume that the evolution of the subaerial ter- 
minus is largely dominated by iceberg calving events in order to 
determine a characteristic calving rate for each field campaign by 
differencing successive terminus positions. Then, to remove the 
signal of iceberg calving from frontal ablation of the submarine 
terminus, we exclude gridcells where the frontal ablation rate 
exceeds our characteristic calving rate (10 m d−1 in May 2017 
and September 2018, 20 m d−1 in August 2016; Fig. S2) to 
calcu- 
late a melt rate for each multibeam pair comparison. This has the 
effect of giving conservatively low estimated melt rates and allows 
us to evaluate melt rates across a broader range of the terminus 
than in Sutherland and others (2019). Using the vertical and hori- 
zontal slopes of the ice face, we converted these to an ice- 
perpendicular melt rate. Finally, all the multibeam pair compari- 
sons were averaged to obtain a mean melt rate for each gridcell 
across the terminus for each field campaign. 

 
Environmental forcing 

Fjord water properties 
We used near-terminus hydrography during each field campaign 
to quantify ambient ocean conditions. In August 2016 and May 
2017, we collected conductivity–temperature–depth (CTD) pro- 
files from a small vessel ∼1.5 km from the glacier terminus 
(Sutherland and  others,  2019;  Jackson  and others,  2022). 
In September 2018, our shipboard CTD observations were com- 
plemented by CTD casts collected from an autonomous kayak 
within 400 m of the glacier terminus (Jackson and others, 
2020). To capture the ambient ocean conditions flowing towards 
the glacier terminus, we only look at the profiles of temperature 

rw g 

where ρi and ρw are the densities of ice (917 kg m−3) and fresh 
water (1000 kg m−3), ZI and ZB are the elevations of the ice sur- 
face and bed relative to mean sea level and g is the acceleration 
due to gravity. The ice surface elevation is from a WorldView-2 
DEM from 21 September 2018. The bed topography was gener- 
ated using a mass-conservation approach (Morlighem and others, 
2011) and validated with a seismic transect collected 7 km from 
the glacier’s terminus (personal communication from Truffer 
and Motyka, 2018). Both the ice and bed data sources are gridded 
to the same resolution (30 m) and smoothed using a 5 × 5 cell 
low-pass filter to remove the influence of surface crevasses.  

We then used the ArcGIS hydrology toolset to calculate the 
expected flow direction and upstream contribution of each grid- 
cell to determine the likely flow paths of subglacial streams. 
This output was projected into the same coordinate system as 
the gridded multibeam sonar data for comparison. Finally, the 
location of potential subglacial discharge outlets was taken to be 
where the highest upstream contribution values intersected with 
the location of the grounding line for all three field campaigns. 

 

Results 

Glacier morphology and change in time 

In each field campaign, we observe terminus morphology that is 
distinctly 3-D and varies spatially across the subsurface terminus 
(see Supplementary video). In August 2016, the submarine ter- 
minus is 150 m more advanced on the northern side (Fig. 2a, 
line A) than on the southern side (Fig. 2a, line B). The opposite 
is true in May 2017 and September 2018, where the submarine 
terminus protrudes 70 and 90 m further into the fjord on the 
southern side of the terminus. In addition to these large-scale var- 
iations in terminus shape, there are smaller variations in the shape 
of the submarine ice face across the glacier. Although the reso- 
lution of our multibeam point clouds increases from 2016 to 
2018, Figure 2a indicates that across-glacier variations in shape 
appear on larger spatial scales in August 2016 than in either 
May 2017 or September 2018. For example, in September 2018, 
the shape of the terminus varies on spatial scales of 100–200 m 
(e.g. at x = 250–450 m across the terminus; Fig. 2a). In August 
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Figure 2. Short-term changes in terminus morphology for August 2016 (top), May 2017 (middle) and September 2018 (bottom). (a) Across glacier cross section 
taken from 100–110 m depth. Each color indicates a different multibeam scan. (b) Vertical cross section taken at 490–510 m across-glacier (line A, north side of 
terminus, Fig. 1b). (c) Vertical cross section taken at 200–220 m across-glacier (line B, south side of terminus, Fig. 1b). All vertical cross sections are shown in a 
Supplementary video. 

 
 

2016, we do not see these same small-scale undulations in the ter- 
minus shape. While our multibeam point clouds can only resolve 
features larger than ∼10 m, there are certainly additional smaller 
scale features that occur at resolutions finer than our point clouds 
can resolve (i.e. scallops, dimples and flutes observed on icebergs; 
Motyka and others, 2003; Bushuk and others, 2019). 

The multibeam point clouds show that, in addition to across- 
glacier variations in terminus position, the terminus shape also 
varies with depth. In all three study periods, the shape of the ter- 
minus remains nearly vertical on the north side (line A) of the 
terminus (Fig. 2b). However, the terminus morphology in 
August 2016 is characterized by a large undercut region (100 m 
wide) on the south side (line B), whereas the terminus in May 
2017 and September 2018 exhibits large swaths of overcut morph- 
ology (150 and 100 m wide, respectively) in the same region 
(Fig. 2c). These overcut regions correspond with the location of 
a large ice ramp that protrudes 75 m into the fjord in May 2017 
and 125 m in September 2018 (Fig. 2c). 

Although the general morphology of the terminus remains 
similar within each field campaign, the multibeam point clouds 
show that the submarine terminus evolves within our individual 
field campaigns. The multibeam point clouds show that the ter- 
minus evolves gradually over an individual study period, however, 
we occasionally observe instances of abrupt terminus position 
change, likely due to iceberg calving events that are either purely 
submarine or are subaerial calving events that extend beneath the 
waterline. An example of a subaerial calving event that includes 
portions of the submarine terminus can be seen on the north 
side of the terminus in September 2018 between the multibeam 
scans taken at 4.04 and 4.21 d since the start of the field campaign 
(Fig. 2b, bottom panel). Between these multibeam scans (taken 
∼4 h apart), the terminus retreats 30 m in the upper 75 m of 
the water column (light blue to dark blue line). In contrast, on 
the southern side of the terminus, we see the ice face slowly 
advance over the course of the field campaign in September 
2018 (Fig. 2c, bottom panel). This pattern of advance and retreat 
varies across the terminus within each field campaign, with the 
northern side of the terminus ending in a more retreated position 
at the end of the field campaign and the southern side ending in a 
more advanced position (Fig. 2a). Despite these spatial variations, 

 
the general morphology of the terminus (whether undercut, over- 
cut or vertical) typically remains the same throughout an individ- 
ual field campaign, with just the position of the terminus varying 
in time (Figs 2, 3). 

In all three periods of study, the multibeam scans of the glacier 
terminus show slopes in the vertical direction that are majority 
overcut (August 2016: 52 ± 13%, May 2017: 63 ± 5% and 
September 2018: 74 ± 7% of all gridcells on average; Fig. 3). In 
August 2016, the terminus became less overcut over the duration 
of the field campaign, with the percentage overcut changing from 
70 to 49% over the 4.5 d study period (Fig. 3a). In contrast, the 
terminus in May 2017 and September 2018 became more overcut 
over the course of their individual study periods, increasing from 
56 to 70% over 1.9 d (Fig. 3b) and from 67 to 73% over 5.1 d, 
respectively (Fig. 3c). 

In addition to variations in glacier shape, the slope of the gla- 
cier terminus varies with depth and across-glacier. In all three 
field campaigns, the submarine terminus is close to vertical or 
is overcut above a depth of 70 m when averaged along the glacier 
front (Fig. 4a). The most significant differences in terminus 
morphology between each field campaign occur at depths >130 
m. In August 2016, we observe undercut regions at depth, with 
the average slope beneath 130 m depth varying between −2° 
and 0° from vertical across the glacier’s entire width (Fig. 4a). 
Below this same depth in May 2017 and September 2018, how- 
ever, the submarine terminus exhibits overcut slopes varying 
between 6–11° and 10–30°, respectively (Fig. 4a). The slope of 
the submarine terminus also varies across the width of the glacier 
(Fig. 4b). In August 2016, the south side of the terminus is 
severely undercut, with an average slope of −20° and a maximum 
undercut slope of −40° (Fig. 4c). The north side of the terminus, 
however, is overcut with an average slope of 15°. In contrast, 
almost all of the terminus is overcut in May 2017 and 
September 2018, reaching an average slope on the south side of 
20° in May 2017 and September 2018. 

Patterns of glacier frontal ablation (FA) and submarine melt 
(m˙ ) correspond with the spatiotemporal variations in glacier 
morphology described above. In August 2016, maximum values 
of frontal ablation (>20 m d−1) occur directly above the deep 
undercut swath on the south side of the terminus (at 250–350 m 
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Figure 3. (a) Percentage of the terminus that is overcut (red line), vertical (black line) and undercut (blue line) over time in the field campaigns in August 2016 (top), 
May 2017 (middle) and September 2018 (bottom). Circle markers indicate the time at which multibeam data were collected. (b) The average percent overcut (red), 
vertical (black) and undercut (blue) over the duration of the field campaign with error bars indicating ±1 std dev. 

 
across glacier; Fig. 5a). In May 2017 and September 2018, however, 
frontal ablation peaks just to the north of the protruding ice ramp 
(at 300–400 m across glacier; Figs 5b, c). In addition to these 
regions of maximum frontal ablation on the south side of the ter- 
minus, the glacier experiences high localized frontal ablation in sev- 
eral other locations across the glacier terminus (i.e. in Fig. 5 at x > 
500 m in August 2016, x < 200 m in May 2017 and x < 150 m and x 
> 550 m across glacier in September 2018). 

After separating frontal ablation (FA) into iceberg calving (C ) 
and submarine melting (m˙ ), we find that the terminus in August 
2016 experiences average rates of submarine melting that are ∼4× 
those in May 2017 and September 2018 (August 2016: 4.84 ± 0.91 
m d−1; May 2017: 1.13 ± 0.14 m d−1; September 2018: 1.85 ± 0.18 
m d−1; Fig. 6). In addition, the submarine melt profile with depth 
shows a different spatial pattern in August 2016 than during the 
other two field campaigns. In all three field campaigns, the glacier 

 
 
 

 
 

Figure 4. Average vertical terminus slope for August 2016 (top), May 2017 (middle) and September 2018 (bottom). (a) Variation in terminus slope with depth, error 
bars indicate ±1 std dev. (b) Average terminus slope for each gridcell across the entire glacier terminus. (c) Variation in terminus slope across the width of the 
glacier. The brown shaded region indicates the bed along the grounding line of the glacier, and the black rectangle indicates the location of the likely subglacial 
discharge outlet, based on hydropotential analysis (Fig. 7). Angles <0 (blue) are undercut, whereas angles >0 (red) are overcut regions of the terminus. 
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Figure 5. Plan view of average frontal ablation rates across the glacier terminus in (a) August 2016, (b) May 2017 and (c) September 2018. The brown shaded region 
indicates the bed along the grounding line of the glacier, and the black rectangle indicates the location of the likely subglacial discharge outlet, based on hydro- 
potential analysis (Fig. 7). The average vertical angle is shown in red-blue color scale above the average frontal ablation rates, where angles <0 (blue) are undercut, 
whereas angles >0 (red) are overcut regions of the terminus. 

 

experiences maximum submarine melt rates at the surface of the 
water column, but the terminus in August 2016 experiences a sec- 
ondary maximum in submarine melt rates below a depth of 130 m. 

 

Environmental forcings 

We observe significantly different environmental conditions 
within each individual field season (Fig. 7). The ocean tempera- 
tures below 75 m depth in the proglacial fjord are similar in 
August 2016 and September 2018, with an average of 7.4 ± 0.2 
and 7.6 ± 0.2°C, respectively (Fig. 7a). The ocean is considerably 
cooler in May 2017, with an average temperature of 3.9 ± 0.4°C. 
In contrast, the average ocean salinity is highest in May 2017 

 
 

 
Figure 6. Average submarine melt rate with depth. Error bars indicate ±1 std dev. 
Comparison to Sutherland and others (2019) is shown in dashed lines. The vertical 
shaded region shows the terminus area average value for each field campaign. 

(31.1 ± 0.1 g kg−1) and lowest in August 2016 (26.8 ± 0.5 g 
kg−1; Fig. S3). A strong halocline is present at ∼40 m 
depth in August 2016 and September 2018 but is observed at 
the surface 
in May 2017 (Fig. S3). When viewed in temperature-salinity 
space, these seasonal differences in temperature and salinity of 
the ocean show that the stratification in the fjord is most similar 
in August 2016 and September 2018 when compared to May 2017 
(Fig. S3). These three field surveys encompass a large portion of 
the full yearly range of typical ocean temperatures observed 
within LeConte Bay as inferred from long-term mooring deploy- 
ments (Hager and others, 2022). 

Subglacial discharge is highest in August 2016, with a flux of 
208 ± 42 m3 s−1 (Fig. 7b). May 2017 and September 2018 
exhibit much lower ranges of subglacial discharge, with fluxes 
of 51 ± 16 and 104 ± 33 m3 s−1, respectively. These patterns 
align with the observed patterns in precipitation and air 
temperature, with 
the warmest and wettest conditions occurring in August 2016, 
and cooler temperatures occurring in both May 2017 and 
September 2018 (Fig. S4) 

The hydropotential analysis suggests that the main subglacial 
discharge channel travels down the trunk of the glacier, intersect- 
ing with the southern side of the glacier’s terminus at 210–360 m 
across glacier (indicated by 1 in Fig. 7c). In addition to this likely 
pathway of subglacial water, there is a second potential subglacial 
discharge outlet (though it is substantially less likely, with just 5% 
of the main channel magnitude) that is present on the northern 
side of the terminus at ∼650 m across its width (indicated by 2 
in Fig. 7c). By comparing to near-terminus ocean measurements 
from September 2018, we see that the highest ocean velocities 
were flowing away from the terminus between 250 and 400 m 
across glacier (Jackson and others, 2020), which is just north of 
the ice ramp protruding into the fjord. 

 
Discussion 

By conducting repeat multibeam sonar surveys of the submarine 
terminus at LeConte Glacier, we show that the glacier terminus is 
persistently overcut across three seasons and that its morphology 
does not change drastically within a single study period (i.e. on 
the timescale of a week). We find that the glacier terminus sus- 
tains large overcut geometries, such as a submarine ice ramp, in 
the vicinity of a subglacial discharge outlet, and discuss below 
the possible formation mechanisms of this terminus shape. 
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Figure 7. Overview of environmental forcings. (a) Summary of ocean temperature beneath 75 m depth for August 2016, May 2017 and September 2018. (b) 
Summary of subglacial discharge for 2016, 2017 and 2018. (c) Likely subglacial discharge channels as predicted by the hydropotential analysis (red-yellow 
color scale) and location of CTD casts taken in the proglacial fjord overlaid on top of our study area map. Channels marked by 1 and 2 indicate the discharge 
outlets with the highest and second highest upstream flow contribution, respectively. 

 
Finally, we compare our multibeam-derived melt rates to previous 
observations at LeConte Glacier and explore the implications for 
plume-melt theory when a glacier terminus is overcut. 

 
Persistent overcutting across the glacier terminus 

Despite the large seasonal variations in glacier morphology and 
submarine melt rates observed at LeConte Glacier, the majority 
of the submarine terminus remains overcut through time. This 
is particularly notable in August 2016, when 52% of the terminus 
is overcut even though subglacial discharge is high (208 m3 s−1) 
compared to the May and September surveys (Figs 3, 7). The 
three field campaigns presented here encompass a wide range of 
the environmental conditions observed interannually at LeConte 
Glacier, with average subglacial discharge ranging from 51 to 
208 m3 s−1 (annual cycle of ∼20–350 m3 s−1; Amundson 
and others, 2020) and ambient ocean temperatures between 3.9 
and 
7.6°C (annual cycle of ∼3–8°C; Hager and others, 2022). 
We observe a terminus morphology that is primarily overcut despite 
these large variations in subglacial discharge and fjord conditions. 

These observations of persistent overcutting are contrary to 
previously published measurements of submarine glacier morph- 
ology (Rignot and others, 2015; Fried and others, 2019). Prior 
observations of terminus morphology come from marine- 
terminating outlet glaciers around the Greenland ice sheet, 
which typically have glacier termini that are much wider (several 
kilometers) and grounded deeper (100–1000 m) than LeConte 
Glacier (e.g. Slater and others, 2022). At these larger marine- 
terminating outlet glaciers, multibeam sonar-derived observations 
of terminus morphology revealed that the termini were largely 
undercut, especially in the vicinity of subglacial discharge outlets. 
While only 26–48% of LeConte Glacier’s submarine terminus is 
undercut on average, undercutting was observed across 77% of 
the terminus at Kangerlussup Sermia (Fried and others, 2019), 
76% of the terminus at Kangilernata Sermia (Rignot and others, 
2015), 73% of the terminus at Store Gletscher (Rignot and others, 
2015) and almost the entirety of the submarine terminus at Rink 
Isbræ (Rignot and others, 2015). 

Due to the prevalence of undercutting previously observed at 
marine-terminating glaciers, models of submarine melting and 
iceberg calving have primarily used idealized terminus geometries 
that are either purely undercut or vertical (e.g. Slater and others, 

2017; Holmes and others, 2023; Schulz and others, 2022). Our 
results, however, show that despite high melt rates observed across 
the glacier terminus, LeConte Glacier is largely overcut. On the 
northern side of the terminus, we see slight overcutting, with an 
average terminus slope of ∼12° in all three field campaigns. The 
southern side of the terminus is more dramatically overcut, reach- 
ing slopes of up to ∼30° from vertical (Fig. 4c). While the multi- 
beam scans do show that the shape of the submarine terminus 
varies through time, the average morphology of the terminus 
remains nearly constant within each field campaign (with the per- 
centage overcut varying by 13% in August 2016, 5% in May 2017 
and 7% in September 2018; Fig. 3) apart from iceberg calving 
events that involve the submarine terminus (Fig. 2). This suggests 
that, on the scale of features that we can observe (>10 m), the 
average morphology of the terminus varies much more between 
seasons than over shorter timescales. 

 
 

Seasonal overcutting in the vicinity of a subglacial discharge 
outlet 

Previous observations of submarine glacier termini from multi- 
beam sonar have focused on the undercut regions adjacent to sub- 
glacial discharge outlets. However, Wagner and others (2019) 
observed a terminus morphology that was primarily overcut 
away from the influence of the subglacial discharge plume. 
At Saqqarliup Glacier, Greenland, the submarine portion of the 
terminus protruded ∼20 m into the proglacial fjord in regions 
of ambient melting. This is similar to what we observe away 
from the subglacial discharge plume on the northern side of the 
terminus at LeConte Glacier (Fig. 2b). The time-varying aspect 
of our observations, however, show that even in the vicinity of a 
subglacial discharge outlet, the glacier terminus can support sub- 
stantial overcut morphology through time, despite high overall 
melt rates (Fig. 2c). 

While the majority of LeConte Glacier’s terminus is overcut, 
there are large variations in terminus morphology between field 
campaigns in the vicinity of the main predicted subglacial dis- 
charge outlet. We find that periods of high subglacial discharge 
lead to the creation of undercut subglacial discharge outlets,  
and periods of lower subglacial discharge show no significant 
undercutting, regardless of the ocean temperature at depth 
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(Fig. 6). This is particularly evident on the southern side of the 
glacier terminus, where a 100 m undercut subglacial discharge 
outlet existed in August 2016 at the same location where an ice 
ramp protruded 125 m into the fjord during periods of low sub- 
glacial discharge in May 2017 and September 2018 (Figs 2c, 7). 
While the velocity field from near-glacier kayak surveying sug- 
gests that the plume rises just north of the protruding ice ramp 
in September 2018 (Jackson and others, 2020), we do not see evi- 
dence of an undercut subglacial discharge outlet at this location 
(Fig. 2b). 

Although plume-melt theory would predict undercutting in 
the vicinity of an upwelling subglacial discharge plume due to 
high water velocities and ocean temperatures at the grounding 
line, ice ramps of similar sizes have previously been observed 
near subglacial discharge outlets. At Kangerlussup Sermia, multi- 
beam sonar revealed the presence of undercut glacier morphology 
near the location of subglacial discharge outlets as predicted by 
hydropotential gradient (Fried and others, 2015, 2019). 
Adjacent to one of these undercut outlets, however, was a large 
protrusion in the terminus of a similar aspect ratio to the ice 
ramp observed at LeConte Glacier (grounding line depth/overcut 
length ≃ 1.6). 

Evidence exists for ice ramps at several marine-terminating 
glaciers, but these underwater protrusions have largely been 
ignored in models of iceberg calving and submarine melting 
due to the overwhelming percentage of undercutting previously 
observed at Greenlandic tidewater glacier termini, as well as the 
inability for plume-melt theory to predict submarine melt rates 
over an overcut ice face (as described further below). We show, 
however, that even during periods of high submarine melting, 
the submarine terminus of a tidewater glacier can be mostly over- 
cut, and in particular, large submarine ice ramps can persist 
through the summer melt season. 

 
An example of extreme overcutting: submarine ice ramps 

Our observations clearly show that marine-terminating glaciers 
can support protruding ice ramps for substantial periods of 
time (Fig. 2c). Prior work has shown that ice ramps develop in 
models under periods of low melt (Mercenier and others, 2019, 
2020), and these ice ramps have previously been observed at sev- 
eral grounded lake-terminating glaciers in New Zealand (Dykes 
and others, 2011; Robertson and others, 2012; Purdie and others, 
2016) and Patagonia (Warren and others, 2001; Sugiyama and 
others, 2019), as well as at grounded marine-terminating glaciers 
in Alaska (Hunter and Powell, 1998) and Greenland (Chauché 
and others, 2014; Rignot and others, 2015). The occurrence of 
large submarine calving events previously at LeConte Glacier 
(Motyka, 1997; Motyka and others, 1998) suggests that these ice 
ramps could extend 200–300 m into the proglacial fjord and be 
a regular occurrence at this tidewater glacier, despite the high 
melt rates. 

While investigating the formation of these ice ramps is beyond 
the scope of this study, several lines of observational evidence sug- 
gest potential mechanisms for their formation and persistence. 
The depth-varying profile of submarine melting at LeConte 
Glacier presented here, and in Sutherland and others (2019), 
shows elevated submarine melt rates at the surface in May 2017 
and September 2018 (Fig. 6). If you start with a vertical terminus, 
a difference in melt rate between the surface and grounding line of 
1.5 m d−1 could form an ice ramp of the size observed (150 m) in 
100 d purely from submarine melting. With the addition of sub- 
aerial calving events that extend beneath the waterline and sedi- 
ment insulating the ice near the grounding line (e.g. Hunter 
and Powell, 1998), this ice ramp could form even quicker. 
Between May 2017 and September 2018, Eidam and others 

 

(2020) observed the formation of a sediment mound ∼40 m 
thick that advanced with the glacier at the location of the protrud- 
ing ice ramp. It is possible that the ice ramp extended beneath the 
surface of this sediment mound, making it larger than appears in 
our multibeam point clouds of the ice face. This additional sedi- 
ment could have insulated the lower portion of the ice ramp and 
counteracted buoyancy forces, allowing it to persist, and even 
grow, despite having just gone through a summer melt season.  

In addition to insulation from sediment, melt rates are likely 
enhanced towards the surface of the water column by a more 
energetic velocity field in the upper ocean, as suggested by near- 
terminus ocean observations at LeConte Glacier. In addition to 
horizontal recirculations, or eddies, driven by the outflowing dis- 
charge plume (Slater and others, 2018; Kienholz and others, 
2019), near-glacier moorings have revealed the presence of 
internal waves, excited by the upwelling subglacial discharge 
plume, that enhance velocities across the terminus (Cusack and 
others, in press). Both the near-glacier moorings (Cusack and 
others, in press) and surveying with kayaks (Fig. S7 in Jackson 
and others, 2020) show that the kinetic energy of the along-ice 
flow increases towards the surface, which should lead to elevated 
submarine melt rates towards the surface and contribute to the 
formation of an ice ramp over time. Near surface enhancement 
of subaqueous melt has also been suggested at lake-terminating 
glaciers, whereby atmospherically warmed surface waters cause 
enhanced melt rates at the top of the water column, resulting in 
the formation of ice terraces (Sugiyama and others, 2019). 
However, ice terraces are typically characterized by abrupt 
changes in slope beneath the surface warmed layer, in direct con- 
trast with the gradual overcut slope observed at the ice ramp at 
LeConte Glacier (Fig. 2c). 

These ice ramps are not currently represented in models of 
near-terminus glacier dynamics and change (e.g. Brinkerhoff 
and others, 2017; Cowton and others, 2019; Ma and Bassis, 
2019; Slater and others, 2021). In addition, modeling of the ice– 
ocean interface typically only includes terminus morphologies 
that are either purely vertical or are undercut (e.g. Slater and 
others, 2017, 2021). Together, this suggests that we are missing 
an important process in understanding the evolution of glacier 
termini. Recent modeling investigations into near-terminus gla- 
cier dynamics have found that, depending on the profile of sub- 
marine melting and the resulting terminus morphology, iceberg 
calving fluxes can either be enhanced (resulting in a ‘calving 
multiplier’) or suppressed due to non-linear relationships between 
the morphology and ice flow (O’Leary and Christoffersen, 2013; 
Wagner and others, 2016; Ma and Bassis, 2019). Therefore, hav- 
ing realistic constraints on the shape of glacier termini beneath 
the waterline to input into these models is essential for under- 
standing the glacier evolution through time. 

 
Further evidence for elevated submarine melt rates 

While our results are only the second instance of direct melt rate 
estimates from repeat multibeam sonar imaging, the elevated melt 
rates described in this study are in line with other recently pub- 
lished estimates from LeConte Glacier (Sutherland and others, 
2019; Jackson and others, 2020, 2022). Sutherland and others 
(2019) calculated submarine melt rates for all portions of the ter- 
minus where the glacier did not calve subaerially between scans in 
August 2016 and May 2017. Our thresholding method allowed us 
to estimate melt rates for portions of the terminus that experi- 
enced subaerial iceberg calving that did not extend beneath the 
waterline. Despite these different methodologies, the melt rates 
described here closely match those described in Sutherland and 
others (2019; Fig. 6). In September 2018, our estimated melt 
rates are 1–2m d−1 lower than those determined by near- 
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terminus hydrographic observations (Jackson and others, 2020). 
For all three field campaigns, the meltwater volume flux derived 
from the flux-gate method results in submarine melt rates of 5– 
18 m d−1 (Jackson and others, 2022). While the submarine melt 
rates derived from ocean observations are larger than those esti- 
mated from multibeam sonar, Jackson and others (2022) note 
that the multibeam-derived melt rates are likely biased low due 
to incomplete coverage of the terminus, particularly in the vicinity 
of the upwelling of the subglacial discharge plume, where turbid, 
fast-flowing water makes acoustic mapping difficult. In addition, 
the flux-gate method is likely biased high if melt from icebergs 
contributes to the meltwater flux between the ocean transect 
and glacier terminus. Regardless, the vast discrepancy between 
the submarine melt rates derived from observations at LeConte 
Glacier and those derived by plume-melt theory suggests that 
modifications to standard parameterizations are needed 
(Jackson and others, 2022). 

In addition to the magnitude of submarine melt, our observa- 
tions support other recent results from LeConte Glacier showing 
that submarine melt is much more sensitive to the amount of sub- 
glacial discharge and resulting near-glacier ocean currents than it 
is to ocean temperature (Jackson and others, 2020, 2022). 
In August 2016 the glacier experienced average submarine melt 
rates that were 2.6 times higher than those in September 2018, 
despite similar ocean temperatures at the time of data collection 
(Figs 6, 7a). Instead, the glacier in September 2018 had compar- 
able melt rates to May 2017, when the ocean temperature was two 
times lower (Figs 6, 7a), suggesting that ocean thermal forcing is 
not the main control on the rate of ice melt. Instead, the flux of 
subglacial discharge in August 2016 was two times higher than 
that in September 2018 and four times higher than that in May 
2017 (Fig. 7b), supporting the recent findings that subglacial dis- 
charge plays a much larger role than ambient ocean temperature 
in controlling the submarine melt rates of glacier termini.  

Our results suggest two potential reasons for the discrepancy 
between plume-melt theory and observed melt rates: secondary 
circulation in the fjord and the persistent overcutting of the sub- 
marine terminus. The influence of subglacial discharge may cur- 
rently be underestimated by plume-melt theory because the 
upwelling of plumes not only influences the vertical velocity of 
the water column but can also induce secondary circulation in 
the fjord due to internal waves (Cusack and others, in press) 
and horizontal circulation (Slater and others, 2018; Kienholz 
and others, 2019). By including horizontal water velocities in 
plume-melt theory at LeConte Glacier, Jackson and others 
(2020) found that melt rates were two orders of magnitude greater 
than standard theory predicts and more closely matched observa- 
tions. This could explain why even away from the upwelling dis- 
charge plume, we observe elevated submarine melt rates 
(described above; Sutherland and others, 2019). Furthermore, 
the discrepancy between theory and observations could be 
affected by the overcutting of the glacier itself, as discussed below. 

 
Implications of overcut terminus morphology on plume-melt 
theory 

Our observations of seasonal variations in terminus morphology 
and submarine frontal ablation suggest that feedbacks between 
glacier shape and its rate of change might exist. The highest 
frontal ablation rates in August 2016 occur directly above the 
location of the subglacial discharge outlet on the southern side 
of the terminus (Fig. 5a), suggesting the plume upwells along 
the undercut ice face. During periods of low subglacial discharge, 
however, frontal ablation rates reach a maximum on either side of 
the protruding ice ramp (Figs 5b, c). Near-terminus ocean mea- 
surements (Jackson and others, 2020) support our observations 

that the upwelling discharge plume was shifted to the north of 
the ice ramp, suggesting that the shape of the submarine terminus 
can alter the path of the glacial plume as it upwells along the face 
of the glacier and cause spatial variations in the submarine melt 
rate. 

The interaction between upwelling plumes, the ice–ocean 
boundary layer and overcut terminus morphology are currently 
unexplored. Previous work examining plume and boundary 
layer dynamics has been exclusively focused on the parameter 

space from no slope (i.e. beneath sea ice or an ice shelf; Jenkins, 
1991) to vertical slope (i.e. idealized tidewater glacier termini; 
Kerr and McConnochie, 2015). Within this parameter space of 

zero to vertical slope, studies have found that the slope can affect 
the entrainment in subglacial discharge plumes and associated 

melt rates (Jenkins, 2011; Slater and others, 2017). In addition, 
the slope of the ice–ocean boundary layer has been shown to 

influence the distance over which the transition from laminar to 
turbulent flow occurs (Malyarenko and others, 2020). However, 

it is currently unknown how overcut terminus morphologies 
interact with the ice–ocean boundary layer and upwelling plumes. 

An overcut terminus might pose several challenges to the theor- 
etical underpinnings of plume-melt theory. First, plume-melt the- 

ory couples buoyant plume theory with the three-equation melt 
parameterization, under the assumption that the plume stays 

attached to the wall (due to the Coanda effect) and thus plume vel- 
ocities control boundary layer transports (Jenkins, 1991, 2011). If 

the terminus slope is moderately overcut, it is possible that the 
Coanda effect would continue to take place, drawing the upwelling 
plume towards the ice face (Kimura and others, 2014). However, if 
the ice face is sufficiently overcut, buoyant plumes could detach 
from the glacier terminus as they upwell, uncoupling the plume 

from the boundary layer. Second, the three-equation melt param- 
eterization assumes that shear instabilities – as opposed to convect- 
ive instabilities – control fluxes of heat and salt across the inner 

boundary layer (Holland and Jenkins, 1999; Malyarenko and 
others, 2020). While the validity of this assumption has been 
explored for vertical ice fronts (e.g. McConnochie and Kerr, 

2017), it might be even more problematic at overcut ice. Thus, 
both the boundary layer dynamics and the representation of the 
outer velocity field could be significantly misrepresented if standard 

plume-melt theory is applied to overcut ice. 
The detachment of plumes from the ice front would not only 

affect the melt rates but also the evolution of the plumes them- 
selves. In this regime, the upwelling melt plume would act more 
like a classical buoyant plume rising with entrainment on all 
sides. Unbounded by a glacier face, the rising plume would 
have approximately twice the surface area and entrainment (e.g. 
Ezhova and others, 2018), increasing its volume flux and reaching 
its depth of neutral buoyancy more rapidly. 

We speculate that overcutting, with plumes detaching from the 
ice face, might lead to more efficient export of meltwater from the 
boundary layer. This would weaken the insulating buffer of cold, 
fresh water that accumulates near the ice–ocean interface, poten- 
tially enhancing heat and salt transfer across the boundary layer 
and elevating rates of submarine melt. More detailed observations 
of the ice–ocean boundary layer and near-terminus ocean cur- 
rents are needed to better understand how the overcutting of gla- 
cier termini might affect the boundary layer dynamics and 
evolution of the upwelling plumes. 

 
Conclusions 

Reconciling the drivers of ocean-induced glacier change has 
remained elusive due to the difficulty of observing terminus 
geometry beneath the waterline. This work provides the first 
observations of time-varying terminus morphology and uses 
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concurrent measurements of environmental forcings to show that, 
despite high subglacial discharge and ocean temperatures, the 
majority of the terminus at LeConte Glacier is overcut. In add- 
ition, we show that the location of and flux from subglacial dis- 
charge outlets acts as a key control on submarine terminus 
change, with the southern side of the terminus sustaining a 
large ice ramp in periods of low discharge, despite its proximity 
to the discharge outlet. Our results show that submarine melt 
rates were relatively high in summer (August 2016) when subgla- 
cial discharge was at a maximum, and lowest in late spring (May 
2017) when the discharge was low, in line with theoretical predic- 
tions that submarine melt rates highly depend on the magnitude 
of subglacial discharge emerging at the grounding line.  

While our results support the dependence of submarine melt 
on subglacial discharge, the submarine melt rates we find confirm 
recent ocean and acoustic observations that suggest overall sub- 
marine melt rates are up to two orders of magnitude higher 
than standard plume-melt theory predicts at LeConte Glacier. 
The persistent overcutting of LeConte Glacier’s submarine ter- 
minus provides challenges for current implementations of plume- 
melt theory to estimate submarine melt rates, as the understand- 
ing of buoyant plume and ice–ocean boundary layer dynamics in 
a regime of overcut ice slopes is largely unexplored. 

The dynamic nature of the submarine terminus has implica- 
tions for the path of near-terminus ocean currents, glacier stresses 
and potentially calving dynamics. Our findings challenge the 
assumption that the terminus is either purely vertical or undercut 
across its width. More long-term observations of submarine ter- 
minus morphology, grounding line bathymetry and near- 
terminus ocean conditions are necessary to obtain a process- 
based understanding of the mechanisms that control the evolu- 
tion of the submarine terminus and the timescales of these 
changes. In the future, combining this with measurements of 
the subaerial terminus will allow further investigation of the feed- 
backs between submarine melting and glacier morphology, result- 
ing in a better understanding of the influence that submarine 
glacier change plays in near-terminus glacier dynamics. 

Supplementary material. The supplementary material for this article can 
be found at https://doi.org/10.1017/aog.2023.38. 
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