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Abstract Humboldt Gletscher is a 100-km wide, slow-moving glacier in north Greenland which
holds a 19-cm global sea level equivalent. Humboldt has been the fourth largest contributor to sea level
rise since 1972 but the cause of its mass loss has not been elucidated. Multi-beam echo sounding data
collected in 2019 indicate a seabed 200 m deeper than previously known. Conductivity temperature depth
data reveal the presence of warm water of Atlantic origin at 0°C at the glacier front and a warming of the
ocean waters by 0.9 + 0.1°C since 1962. Using an ocean model, we reconstruct grounded ice undercutting
by the ocean, combine it with calculated retreat caused by ice thinning to floatation, and are able to fully
explain the observed retreat. Two thirds of the retreat are caused by undercutting of grounded ice, which
is a physical process not included in most ice sheet models.

Plain Language Summary Humboldt Gletscher is the widest glacier in Greenland, slow
moving, and terminating in shallow waters in its southern half, but grounded 200 m deeper than
previously known in its northern half, with a submarine trough extending more than 100 km inland. The
glacier has been retreating at 0.6 km/year and contributing significantly to sea level rise. We attribute the
retreat to undercutting of grounded ice by warmer ocean waters combined with a retreat caused by ice
thinning to floatation sooner due to glacier speed up. The glacier, which hosts an ice volume equivalent to
a 19-cm global sea level, will remain a major contributor to sea level rise this Century.

1. Introduction

The mass loss of the Greenland Ice Sheet increased from 41 + 17 Gt/year in 1990-2000 to 286 + 20 Gt/year
in 2010-2018 (Mouginot et al., 2019). During the period 1972-2019, Humboldt Gletscher lost 161 billion
tons (Gt) of mass, i.e. the fourth largest contribution behind Jakobshavn Isbre (335 Gt) in central west,
Steenstrup/Dietrichson (230 Gt) in north west, and Kangerlussuaq (174 Gt) in east Greenland. Humboldt
is also the widest glacier in Greenland at 100 km, with slow motion (100 m/year) in shallow waters (150 m)
in its southern half and faster motion (200-600 m/year) in deeper waters (300 m) in its northern half (Fig-
ure 1). Its balance flux, i.e. the average surface mass balance (SMB) for the years 1961-1990, is 2.0 Gt/yr.
Ice discharge increased from 4.8 Gt/year in the 1970s to 6.7 Gt/year in 2019, hence the glacier was out of
balance the entire period. Its 48,623-square-km basin holds enough ice to raise sea level by 19 cm, i.e. the
10 largest reserve of ice in Greenland. The glacier is grounded below sea level along its entire front. In the
north, a submarine channel extends into the interior (Morlighem et al., 2017). The glacier had a small float-
ing section along its northern flank in the 1990s (Rignot et al., 2001).

A leading hypothesis for the evolution of Greenland's glaciers is that the enhanced intrusion of warm At-
lantic Intermediate Water (AIW) in the fjords in the 1990s melted the glacier fronts, de-stabilized them, and
increased mass discharge (Catania et al., 2019; Christoffersen et al., 2011; Holland et al., 2008; I. M. Howat
et al., 2008; Murray et al., 2010). Few ocean and depth measurements have been available to quantify water
temperature in the fjords, which makes it difficult to interpret the changes. The International Bathymetric
Chart of the Arctic Ocean version 3.0 (IBCAO Ver. 3.0) did not include quality bathymetry in the fjords
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Figure 1. Humboldt Gletscher, Greenland, with (a) drainage basin in shade white (blue outline is the northern half of the basin) overlaid on color-coded ice
speed from brown (no motion) to red (greater than 3 km/year) on a logarithmic scale; inset (red) of the basin in Greenland, and of area (purple) in Figure 1b;
(b) bathymetry in front of and beneath the glacier with 50-m contour levels below sea level. Ice front positions from 1948 (blue) to 2019 (red). Ice thickness
profile S-N for ice fluxes and thinning rates in Figure 2 (Mouginot et al., 2019). Gray areas in (a) and (b) indicate bathymetry data.

(Jakobsson et al., 2012), making it difficult to understand how warm, salty, subsurface (depth >350 m)
could reach the glaciers.

In 2015, NASA launched the Ocean Melting Greenland mission (Fenty et al., 2016) to collect multi-beam
echo sounding (MBES) data by ship, airborne high resolution gravity, airborne surface topography, air-
launched Airborne eXpendable Conductivity, Temperature, and Depth (AXCTD) probes and traditional
ship-based CTDs (An et al., 2019; Wood et al., 2018). The data were used to reconstruct glacier thickness and
bed elevation from mass conservation with constraints from MBES data, which is BedMachine v3 (BMv3)
(Morlighem et al., 2017) and IBCAO Ver. 4.0 (Jakobsson, Mayer, Bringensparr, et al., 2020). The data set
provides a smooth and reliable transition in bed elevation at the glacier front, which is critical for ice sheet
models. BMv3 provided a major revision of glacier depths, with bed elevations several 100 m deeper than
previously known. Greater water depth in the fjords means more exposure to AIW, which is confirmed with
AXCTD data in most fjords (Fenty et al., 2016).

Glaciers draining north Greenland have not been surveyed in detail. The front of 79°N was surveyed in 2016;
Ryder fjord in 2019 (Jakobsson, Mayer, Nilsson, et al., 2020) and Peterman in 2016 (Jakobsson et al., 2018).
These glaciers hold a large potential for sea level rise because they drain submarine basins. These northern
glaciers have been protected from decay by buttressing ice shelves, consolidated by the presence of a thick
sea ice melange which glues ice blocks together, but this melange has decayed in recent decades (Hig-
gins, 1991). Many floating sections have retreated or disappeared: Zachariae Isstrom, Humboldt (discussed
herein), Hagen Bra, and Ostenfeld (Moon & Joughin, 2008).

Here, we present the results of an oceanographic survey of Humboldt Gletscher (named Humboldt in the
remaining of the paper) conducted in the summer of 2019 with MBES and CTD data along its ice front,
combined with remote sensing data going back to 1970s and CTD data going back to the 1960s. We employ
the results to interpret the glacier evolution over the last 6°decades. We conclude on the role of the ocean in
melting this major glacier of north Greenland.

2. Data and Methods
2.1. Background

The 100-km wide Humboldt Glacier (also named Sermersuaq) is the widest glacier in Greenland (Weid-
ick, 1995). It drains into Kane basin, a broad channel that connects Baffin Bay to the South and Nare Straits
to North. First discovered in 1853 by Elisha Kent Kane, first explored by Lauge Koch in 1912-1913, the first
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Figure 2. Humboldt Gletscher, Greenland, (a) surface speed, and (b) surface elevation along ice-thickness profile S-N in Figure 1, color coded from 1979 (blue)
to 2019 (red), and overlaid on bed topography with bedrock in brown and ice in gray, (c) cumulative anomaly in ice discharge, D, and surface mass balance,
SMB, in Gt (gigaton = 10" kg/year) from 1972 to 2019 in reference to a balance flux of 2 Gt/year for 1961-1990, and (d) air temperature (°C) at 80°N and 65°W
(red) and runoff production (blue) (in Gt/year).

modern frontal position of Humboldt dates from 1948 (Hill et al., 2018) (Figure 1). The numerous lakes and
drainage channels in its ablation zone suggested a relatively low level of motion causing low crevassing. The
glacier front is flanked by tabular icebergs, especially in the north, i.e. bergs than are wider than taller which
are typical of cold regions like Antarctica. Icebergs farther south are taller than wider and tend roll over
when detached from the ice front. Tabular icebergs drift away from the ice front and get stranded on shal-
lower areas for many years. Ice thickness near the terminus varies from 250 to 300 m in the south to 350-
600 m in the north (Figure 2). There are few prior glaciological studies of Humboldt (Carr et al., 2015; Hill
et al., 2018; Joughin et al., 1999, 2010; Livingstone et al., 2017; Mouginot et al., 2019; Rignot et al., 2001).
Because of its slow flow and moderate thickness, its ice discharge is 10 times less than for Jakobshavn Isbrae
and 3 times less than for Petermann Gletscher (Mouginot et al., 2019). Despite that, Humboldt holds an ice
volume equivalent to a 19-cm global sea level rise.

2.2. Dynamic Thinning

We combine ice thickness and velocity data to update the ice fluxes from 1972 to 2019 along a S-N thickness
line located a few km upstream the ice front (Mouginot et al., 2019) (Figure 1). Changes in ice elevation,
used to correct ice thickness (Figure 2), are derived from a 1978 digital elevation model (DEM) (Korsgaard
et al., 2016), Airborne Topographic Mapper data from 1993 to 2016 (Krabill, 2004), ICESat data from April
2004, Greenland Ice Mapping Project (GIMP) DEM from January 2006 (NSIDC-0645), and January 2011
(NSIDC-0715) (I. Howat et al., 2014), time-tagged ArcticDEMs from October. 2015 (Porter et al., 2018),
and ICESat-2 data from June. 2019. For years with no measurement, we interpolate the elevation from
the nearest measurements in time and space using triangular irregular networks. We use ICESat-2 ATL0O6
altimetry data version 2 (Smith et al., 2020), filter outliers by comparing the ATL06 profiles with GIMP (1.
Howat et al., 2014) and eliminate points more than 80 m away to produce a 1-km DEM. We estimate the
height bias of the DEM on ice-free land from a comparison with other DEMs. The lowest-noise difference
map is obtained combining ICESat-2 and GIMP 2006, with a time difference of 13 years. The height bias is
3.4 + 7 m. This thinning map helps re-calculate ice thickness using the mass conservation algorithm. In this
algorithm, ice thickness is reconstructed in between direct measurements of ice thickness using the ice flow
direction from remote sensing and applying conservation of mass in between thickness gates. The rates of
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thinning along the S-N profile are used to calculate the rate of thinning-induced grounding line retreat, g,
which reflects that thinner ice reaches flotation sooner.

2.3. Grounding Line Retreat

Ice front positions are digitized from the 1962 Declassified Intelligence Satellite Photography mosaic and
the Landsat time series from 1975 to Landsat-8 in 2019. We calculate a mean glacier retreat rate in meters by
dividing the area of retreat by the length of the ice front. We divide the glacier into two sectors: 1) the north-
ern and 2) southern halves (Figure 1). We mapped the grounding line in 1992 and 1996 using ERS-1 data
(Rignot et al., 2001), at which time we identified a small floating ice tongue 27.1 km? in size in the north.
In 2017-2018-2019, Sentinel-1a/b at a 6-days repeat interval along Track026 reveal no grounding line. The
small floating ice tongue disappeared between 1996 and 2017. Grounding line and ice front positions are
assumed to coincide during the entire observation period.

2.4. Bathymetry

We collected MBES data onboard the M/Y Arii moana in August 2019 using the Helmholtz Center for
Ocean Research Kiel SeaBeam 1050 multibeam echo sounder (MBES). The sonar was mounted on the bow
of the boat 0.8 m below the water level. Correction for sound velocity (range calculation and ray-tracing)
was performed using real-time sound velocity sensor mounted on the head of the transducers and CTD data
collected at regular intervals (An et al., 2018) from an AML Oceanographic Minos X CTD. The Qinsy QPS
and Cloud Compare softwares are used to process the MBES data. The bathymetry data is processed onto a
regular grid at 25 m and displayed on top of IBCAOv3 (Figure 1).

In BMv3, mass conservation was applied to reconstruct glacier thickness (Morlighem et al., 2017) using Op-
eration IceBridge ice thickness, a velocity map from 2007 to 2008 (Rignot & Mouginot, 2012), SMB for the
period 1961-1990, and a map of ice thinning from Csatho et al. (2014). This configuration produces a bed
solution that is not compatible with the 2019 MBES data. Instead, we use the ICESat-2/GIMP ice thinning
product described to constrain elevation change. With this product, we are able to obtain a bed solution that
matches the MBES data within 10 m. Without the ICESat-2/GIMP DEM the mass conservation algorithm is
not able to converge with a solution that agrees with the MBES data.

2.5. Ocean Thermal Forcing

Air-launched AXCTD data were collected on a Grumman Gulfstream III aircraft in September/October
2016, C-130 Hercules in October 2017, a Basler DC-3 Turbo Prop in August/September 2018, and a Basler
BT-67 in August/September 2019. During the ship survey, we collected traditional ship-launched CTD with
an AML Minos-X probe. We combine the AXCTD data with historical CTD data from the Hadley center
(bodc.ac.uk) spanning from 1960 to 2019 to document temperature changes. In Kane Basin, cold, fresh
arctic waters flows southbound from Nares Strait in a western boundary current along Ellesmere Islands,
along a 20-30 km wide, 250-m deep trough, before joining Baffin Bay at a narrowing named Smith Sound
where the sea floor deepens to 500-600 m. A northerly, deeper flow of AIW takes place on the eastern side
of Smith Sound, connecting with a southwest-northeast channel that extends to the front of Humboldt
(Melling et al., 2001; Munchow & Melling, 2008; Munchow et al., 2015). A cyclonic circulation of ocean
waters takes place in Kane Basin, which brings AIW in contact with Humboldt. In our analysis of ocean
temperature, we only consider CTD data extending from the eastern side of Smith Sound to the front of
Humboldt (Figure 3).

We calculate ocean thermal forcing, TF, as the depth-integrated difference between the temperature of the
ocean and the pressure-dependent and salinity dependent freezing point of seawater. We divide the range
of depths into 100 m segments overlapping by 50 m (hence 50-150, 100-200, etc.) and perform a linear re-
gression of temperature versus time at each depth. We limit the CTD selection to the box in Figure 3 which
coincides with the northerly flow of AIW toward Humboldt. If we use a larger box in Kane Basin, we find
the same warming trend within 0.1°C. If we use a smaller box centered at the front of Humboldt Glacier,
we find the same results with a larger uncertainty because there are less CTD data in front of the glacier.
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Figure 3. Historical Conductivity, Temperature, Depth (CTD) data collected in Kane Basin, North Greenland from year 1961-2019 with (a) locations of casts
overlaid on a (color coded) bathymetry within a yellow bounding box delineating where CTD data were selected to calculate ocean thermal ocean; (b) depth
versus temperature for the corresponding CTD data color coded from blue to red; (c) temperature with 0.5°C contour levels and (d) salinity data with 0.2 psu
contour levels along the continuous red dotted shown in the inset of Figure 3a with AXCTD locations for year 2019 as red filled circles. Red numbers indicate
the depth of the seafloor at the CTD location.

2.6. Runoff and Undercutting

We use a reconstruction of runoff from RACMO2.3p2, to which we add meltwater production from basal
sliding calculated from the UCI/JPL Ice Sheet System Model (Goelzer et al., 2020). Runoff averages 4.7 Gt/
year for 1961-1990 (Figure 2). Over 1958-2019, the cumulative anomaly in runoff totals 84.7 Gt. Runoff
increased by 0.74 Gt per decade or doubled over the time period.

To calculate the rate of glacier undercutting, we employ the ocean model results in Rignot et al. (2016).
The rate of undercutting, g, is the maximum rate of ice melt which takes place near the ice base. The
ice above the incision is not supported by the bed and therefore exerts no basal resistance, while the ice
below the incision is too thin to exert much buttressing. In effect, undercutting acts as a forced ground-
ing line retreat of the glacier. Its rate depends on subglacial water discharge, water depth, and thermal
forcing. All three variables are time dependent as a function of the position of the glacier front. Namely,
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Figure 4. Cumulative grounding line retreat, Qg, in kilometer (km) along
the (a) South, (b) North, and (c) entire ice front of Humboldt (black)
versus the cumulative retreat caused by ice thinning, Q; (red), on top of
the cumulative retreat caused by undercutting from the ocean, Q,, (blue)
for the time period 1962-2019. If correct, the observed Qg in black, should
match the sum of Q,, and Q; represented in red, within error bars.

q,, = (0.0003 b q_?f +0.15)TF"'8, where b is water depth in meters, g,

and g, are in meters per day, and TF is thermal forcing.

In this study, we assume that the rate of grounding line retreat, gy, is
the result of the balance between ice advection, g5 and ice ablation
(@m+ g+ q0),ie. gu = gm + g5 + gc — g At steady state, gy = g, = 0 and
gy = qm + q.. Starting from this steady state, we assume that the cumula-
tive retreat over a time period, Qg, is balanced by the cumulative retreat
caused by undercutting, Q,, and cumulative thinning-induced retreat,
Qy,i.e. Qy = Q, + Qp, and the cumulative anomaly in advection is exactly
compensated by the cumulative anomaly in calving, Qs = Q,, i.e. the gla-
cier calves floating blocks of ice at the speed of advection.

3. Results

Annual ice discharge, D, averaged 4.2 Gt/year in 1972-2000, 4.4 Gt/year
in 2000-2017 and peaked at 6.4 Gt/year in 2018. SMB decreased from
near balance from the 1970s to —1.1 Gt/yr in 2000-2017. The mass loss
increased from 1.9 + 0.3 Gt/year in 1972-1990 to 5.6 + 0.2 Gt/year in
2000-2017 for a cumulative 119 Gt for discharge versus 48 Gt for SMB.
Ice speed increased by 54% since 1972, with peak values ranging from
483 m/year in 1975 to 745 m/year in 2019 (Figure 2). The cumulative
retreat Qg peaked at 13 km in the north (Figure 1). The average retreat for
1962-2019 was 3.4 km, with 4.6 km for the northern half versus 2 km for
the southern part Figure 4.

The revised bed elevation is 200 m lower at the ice front than in BMv3,
with smaller corrections inland. The bed trough remains below sea level
for more than 100 km (Figure 1). Prior estimates employed underesti-
mated thinning which resulted in underestimated ice thickness and bed
elevation at the ice front.

Using the NCEP/NCAR reanalysis data (Kalnay, 1996) at 80°N and 65°W,
we find a 1.7°C warming in 1948-2020 for Humboldt. Most of the warm-
ing occurred after 1991 (0.3°C cooling in 1948-1991 vs. 0.7°C warming
per decade or 2.2°C in 1990-2020) (Figure 2). Runoff correlates strongly
with warming (Figure 2d). Along the radar thickness line of Humboldt,
the reference SMB averages —1 + 0.2 m/yr. Over the time period 1958-
2020, the cumulative anomaly in SMB reached 8.6 + 1.4 m along the ice
front, with a peak at 13 m, versus an averaged thinning of 20 + 23 m for
1978-2020, with a peak at 84 m. The observed thinning, which is much
larger than that caused by surface melt, is therefore mostly of dynamic
origin, i.e. enhanced glacier flow. To get subglacial discharge, g, we di-
vide the runoff values by the glacier cross-sectional area below sea level,
i.e. 16.3 km”in 1962 versus 20.8 km?” in 2019 (12.7 for the north). We find
0.62 + 0.2 m/d in 1960-1990 versus 0.98 + 0.4 in 2000-2019.

Within the ocean box in Figure 3, ocean warming for 1960-2019 is 0.83°C
at 50-150 m depth, 0.99°C at 100-200 m, 1.13°C at 150-250 m, 0.99°C
at 200-300 m, 0.86°C at 250-350 m, 0.85°C at 300-400 m and 0.90°C at
greater than 350, with a reference temperature increasing, respectively,

from —1.43°C to —1.41°C, —1.34°C, —1.14°C, —0.99°C, —0.94°C, and —0.92°C (Figure 3). These temperature
data are converted into TF versus depth using the pressure-dependent freezing point of seawater.

A transect of CTD from Baffin Bay to Nares Strait along Humboldt reveals warm AIW extending from Smith
Sound to Humboldt (Figure 3). AIW originating from Baffin Bay has salinity of 34.4 psu versus 34.8 psu in
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Nares Strait (Figure 2d). The water flow in Smith Sound is laterally sheared between southward flow in the
west and northward flow in the east (Munchow & Melling, 2008). The northward flow does not extend into
Kennedy Channel. Much mixing and recirculation takes place within the eastern Kane Basin on account of
strong tides and shoaling topography.

Time series of TF, gy, and water depth, b yield g,, values increasing from 65 + 4 m/year in 1960-1970 to
131 + 12 m/year in 2010-2019. For the northern part, g,, increased from 87 + 5 m/year to 160 + 18 m/year
versus 48 + 4 m/year to 108 + 9 for the south. Hence undercutting doubled over the time period of investi-
gation. While gy, is an important participant in g,,, it contributes only 30% of q,,. Most of the increase in g,,
is caused by warmer ocean waters, as in Morlighem et al. (2019).

The calculated cumulative retreat Q,, caused by undercutting totals 2.2 km for the entire front, 2.4 km for
the northern half and 2.0 km for the southern half. For comparison, the observed ice front retreat Q to-
tals 3.4 km for the entire front, 4.6 km in the north versus 2.0 km for the south. The retreat caused by the
observed dynamic thinning of the ice front, Q,, is estimated at 1.0 km m for the entire front, 1.7 km for the
north and 0.5 km for the south. When comparing the cumulative anomaly in ablation, Q,, + Q,, with Qg, we
underestimate the observed retreat, Qg, by +5% for the entire section, by —30% in the south, and +12% in
the north, which is within our margins of error.

4. Discussion

The agreement between observed retreat, Qg, and calculated retreat, Q,, + Qy, has several implications.
First, ice thinning alone cannot explain the observed retreat. The retreat caused by ice thinning explains
only 30% of the signal. It is necessary to invoke another physical process of grounded ice removal to explain
the observed retreat. Second, ice thinning is mostly of dynamic origin (57%), i.e. glacier speed up. Enhanced
surface melt contributes 43% of the thinning. Since thinning contributes 30% of the retreat, surface melt
only contributes 13% of the observed retreat. Surface melt also contributes to the rate of undercutting, Q,,,
but to a lesser degree than the ocean temperature because the subglacial flux, g, is scaled by a power 1/3
instead of 1.2 for TF, and g, is only significant a couple of months per year. We conclude that our results
suggest a strong contribution of a warmer ocean to the evolution of Humboldt. Third, the increase in the
rate of undercutting explains 70% of the retreat. If these estimates are correct, undercutting is the dominant
driver of the retreat, similar to what was found in northwest Greenland (Wood et al., 2018). We note that
undercutting is overestimated in the shallow southern half where Q,, + Q; exceeds Qg by 30%. A similar
overestimation was noted in northwest Greenland for shallow glaciers in cold waters. We attribute the over-
estimation to the fact that the undercutting model was optimized from thicker glaciers standing in warm,
salty, subsurface AIW.

The agreement between calculated and observed retreat suggests a posteriori that the calving of grounded
ice blocks does not have an impact on the retreat of Humboldt Glacier, otherwise we would underestimate
the observed retreat versus the calculated retreat, Q,, + Q,, which is not the case. Indeed, Humboldt produc-
es mostly tabular icebergs, recognizable as wide-shaped rectangles in satellite imagery, i.e. the ice blocks are
already floating when they detach from the front. We conclude that our analysis, if correct, suggests that the
calving flux, q., essentially balanced the advection flux, gy

The calving of ice blocks should not have contributed to the retreat of grounded ice because the calving of
floating ice does not impact the retreat of a grounding line. Only the calving of grounded ice blocks could
influence the glacier force balance via a reduction in basal friction. Humboldt produces mostly tabular
icebergs, recognizable as wide-shaped rectangles in satellite imagery, i.e. floating ice blocks that detached
from the front, already afloat. If Q. had increased significantly and started to calve off grounded ice blocks,
we would find that the calculated retreat, Q,, + Q,, would underestimate the observed retreat, which is not
the case. This agreement between calculated and observed retreat suggests a posteriori that the calving of
grounded ice blocks does not have an impact on the glacier retreat.

There are multiple sources of uncertainties in the estimates of undercutting, e.g. TF, water depth, model pa-
rameters, but the results are robust to these uncertainties because we consider a long period of observations,
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hence the cumulative changes in elevation, ice front positions and TF are large compared to these uncer-
tainties. Over shorter time periods, e.g. a decade, it would be more challenging to close the mass budget.

The new bathymetry confirms the presence of a deep channel underlying the northern sector of Humboldt
that may be conducive to fast retreat. The retreat has been fueled by warm AIW that occupies a channel
deeper than previously known. The disappearance of the small floating tongue observed in the 1990s coin-
cides with the disappearance of floating tongues on Zachariae Isstrom, Ostenfeld, and Hagen Bra and the
reduction in sea ice cover in the fjords (Reeh et al., 2001), hence is consistent with a broad pattern of ocean
and air warming that has triggered a widespread and rapid retreat in north Greenland.

5. Conclusions

In this study, we present new bathymetry data in front of Humboldt Gletscher that make the bed topog-
raphy 200 m deeper than previously reported at the ice front, hence more prone to vigorous melting from
subsurface ocean waters and with a deeper bed channel to promote inland retreat. We review the climate
forcing, air and ocean temperature and its effect on the glacier in terms of runoff, thinning, and retreat over
the time period 1960-2019 and examine both the northern, deeper, faster part and the southern, shallower,
slower part of this 100-km wide system. We compare the results with the retreat calculated from ice thin-
ning, which results from ice dynamics and enhanced surface melt, and the retreat calculated from ocean
undercutting, which depends on subglacial runoff, water depth, and water temperature. We find an excel-
lent agreement between the observed retreat and that calculated from the components, but attribute more
than 70% of the retreat to the action of ocean warming. We conclude that the ocean plays a major role in the
glacial retreat. In the coming decades, the ocean will likely continue to play a large role in the glacier retreat.
Collectively, these results make Humboldt Gletscher a very important glacier to monitor in the future.

Data Availability Statement

Multibeam echo sounding data and AXCTD data are available at omg.jpl.nasa.gov. Ice velocity and mass
balance data are in Mouginot et al. (2019) supplementary table.
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