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Ryder Glacier in northwest Greenland is shielded
from warm Atlantic water by a bathymetric sill
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The processes controlling advance and retreat of outlet glaciers in fjords draining the
Greenland Ice Sheet remain poorly known, undermining assessments of their dynamics and
associated sea-level rise in a warming climate. Mass loss of the Greenland Ice Sheet has
increased six-fold over the last four decades, with discharge and melt from outlet glaciers
comprising key components of this loss. Here we acquired oceanographic data and multi-
beam bathymetry in the previously uncharted Sherard Osborn Fjord in northwest Greenland
where Ryder Glacier drains into the Arctic Ocean. Our data show that warmer subsurface
water of Atlantic origin enters the fjord, but Ryder Glacier's floating tongue at its present
location is partly protected from the inflow by a bathymetric sill located in the innermost
fijord. This reduces under-ice melting of the glacier, providing insight into Ryder Glacier's
dynamics and its vulnerability to inflow of Atlantic warmer water.
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through marine outlet glaciers with their ice-termini end-

ing either in ice cliffs, where icebergs calve directly from
the grounded margin, or in floating ice shelves (ice tongues)!,
which buttress inland ice and help maintain the stability of the ice
sheet?. The behaviour of marine outlet glaciers, and rate of ice-
discharge to the sea, are sensitive to the inflow of subsurface
warmer ocean water, as it causes basal melting when in contact
with the ice®*. Increased basal melting makes ice tongues
thinner and more prone to calving due to general weakening and
fracture development®. Loss of ice tongues eliminates their
potential buttressing effects, in some cases causing grounding-line
instability? and increased ice-flow velocity®’. Over the last four
decades, the mass loss of the GrIS has increased six-fold®. Esti-
mates of the contributions to this mass loss from calving and
melting marine outlet glaciers range from <50%° to as much as
two thirdsS. In either case, the mass loss from ice dynamics
(calving and submarine melt of outlet glaciers) contributes to
global sea-level rise®!0 and constitutes the largest uncertainty in

The Greenland Ice Sheet (GrlIS) drains into the ocean
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predictions of future sea levelll; particularly unresolved is the role
of bathymetry and warm-water inflow on ice dynamics!2-14.

Northwestern Greenland has four fjords that host large marine
outlet glaciers that discharge ice into the Arctic Ocean (Fig. 1).
Here we present multibeam bathymetry and oceanographic data
from the never-before surveyed Sherard Osborn Fjord, one of
these fjords. These data, collected from the Swedish icebreaker
Oden in 2019, mapped almost all of Sherard Osborn Fjord where
Ryder Glacier drains into the Lincoln Sea in the Arctic Ocean
(Fig. 1). Together with Petermann Glacier, which drains into
Nares Strait, Ryder Glacier is the only other marine outlet glacier
in northwestern Greenland that still has a large (>10 km long)
floating ice tongue!>1. Petermann Fjord and the adjacent part of
the Nares Strait were mapped with multibeam by Oden in 20157,
and in 2019 we acquired new oceanographic data from Peter-
mann Fjord, allowing a comparison of these two fjords with ice
tongues.

During the most recent decades Petermann and Ryder glaciers
have behaved somewhat differently. While Petermann lost nearly
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Fig. 1 Locations of Sherard Osborn and Petermann fjords where, respectively, Ryder Glacier and Petermann Glacier drain the North sector of the GrlS.
a Ice velocity, in m per year, of the marine outlet glaciers from the MEaSUREs project?4. b Newly collected multibeam bathymetry of the Sherard Osborn
Fjord reveals the inner and outer bathymetric sills separated by a basin with a maximum water depth of 890 m. The deepest passages over the sills are
marked along with their depths. ¢ Multibeam bathymetry collected in Petermann Fjord in 2015'7 shows a pronounced sill located at the mouth of the fjord.
The deepest threshold of this sill is 443 m and the maximum depth of Petermann Fjord is 1158 m. The white dots in a and b are the conductivity,
temperature and depth (CTD) stations shown in Fig. 3. The white dots with a red border are averaged and used in the plume modelling. Stations connected
with a white line and marked with station numbers are used to construct the water temperature profiles X-X" and Y-Y" in Fig. 3. Three additional profiles,
S-S, S,-S," and S3-S3', along the paths of the black (along fjord) and grey (across fjord) lines are shown in the Supplementary Fig. 2. Station 44 in
Petermann Fjord is marked with its number because it is shown in Fig. 5. The background image is from Radarsat where ice and land show up in different
shades of grey while open water is black. The 1917 ice-tongue extents are digitized from historical maps by Danish geologist Lauge Koch?3, while 2010 and
2019 are inferred from satellite images.
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40% of its floating ice tongue in major calving events in 2010 and
20121819, and has undergone an average net retreat of 311 ma~!
between 1948 and 2015, Ryder experienced a small average ice-
tongue advance of 43 ma~! during the same period!®. It should
be noted that Ryder Glacier also behaved differently in that it
showed cycles of advance (~7 years) and retreat (~2 years) over
this time period, a behaviour which has been suggested to be
controlled by the basal topography at the grounding line!>.

Our bathymetric and oceanographic data from Sherard Osborn
Fjord allow a direct comparison with those from Petermann
Fjord, thus permitting an assessment of Ryder and Petermann
glaciers” exposure and vulnerability to inflow of warmer subsur-
face water. While the two glaciers have behaved differently in
recent decades we note that from a longer time perspective the ice
tongue of Ryder Glacier has a more withdrawn position with
respect to the fjord mouth than Petermann Glacier. Our mea-
surements demonstrate that the intermediate-depth water mass of
relatively warm and salty water, referred to as Atlantic Water that
enters the central Arctic Ocean through the Fram Strait and the
Barents Sea?0, is present in both fjords. In Petermann Fjord, this
water mass enters over a single bathymetric sill located at the
mouth of the fjord and accelerates melting of the Petermann
Glacier?!. Sherard Osborn Fjord, however, has two sills. Here we
examine if this bathymetric difference has an effect on the impact
of Atlantic Water on the basal melt rate of Ryder Glacier and,
thus, whether the bathymetry could be a factor contributing to
the different behaviours of these two glaciers over the recent
decades. Our study emphasizes the critical role of fjord circula-
tion and bathymetry in the assessments of the future fate of outlet
glaciers and sea-level rise in a warming climate.

Results

During the 37-day Ryder 2019 Expedition (August 5-September
10, 2019) with Swedish icebreaker Oden, 15 days were dedicated
to Sherard Osborn Fjord and the area directly north of the fjord
entrance (Fig. 1). The expedition also carried out research in areas
of Nares Strait and Lincoln Sea between Petermann Fjord and
Sherard Osborn Fjord as well as within Petermann Fjord.

Fjord dimensions and seafloor bathymetry. Sherard Osborn
Fjord is ~17km wide and ~55km long, measured from the
present ice-tongue margin of Ryder Glacier to the outer sill
(described below), while Petermann Fjord’s equivalent dimen-
sions are ~17 and 40 km, respectively (Fig. 1). Available moderate
resolution imaging spectroradiometer (MODIS) satellite images
dating back to 2001 reveal that large icebergs, calved from the ice
tongue of Ryder Glacier, remain trapped inside the fjord because
the prevailing sea ice at the mouth prevents their exit. In contrast,
icebergs calved from Petermann Glacier are rapidly flushed out of
the fjord. Several of the icebergs currently in Sherard Osborn
Fjord may be relics from calving events prior to the 1950s22. In
1917 Danish geologist Lauge Koch observed that nearly the entire
fjord up until the level of southern Castle Island was covered by
Ryder Glacier’s ice tongue?3, indicating that, like Petermann
Glacier, Ryder Glacier has also had a long-term retreat (Fig. 1).
During our expedition, icebergs that had calved from the ice
tongue, reaching sizes of about 9 x 4 km, moved constantly within
the fjord and hindered access to the few areas that were left
unmapped. The ice tongue of Petermann Glacier was located only
about 5km inside the sill at the fjord mouth before the major
calving event in 201018, a position that was close to observations
of the Petermann ice-tongue margin made by Lauge Koch in 1917
and 1921-192223 (Fig. 1). Thus, the ice tongues of Ryder and
Petermann glaciers had similar positions with respect to the outer
sills in their hosting fjords in 1917.

The multibeam sonar data from Sherard Osborn Fjord reveal
bathymetry dominated by bedrock structures and submarine
glacial landforms that most likely date back to the last
deglaciation (Fig. 1la; Supplementary Fig. 1). Two prominent
bathymetric sills extend across the entire width of the fjord at
their respective locations. The outer sill is located at the fjord
mouth in line with Castle Island while the inner sill’s northern
extent does not fully reach Permin Land’s northern point
(Fig. 1a). The morphology of the outer sill, at the fjord mouth,
suggests that it is mainly comprised of bedrock. It has a central
region roughly 8 km wide, with depths shallower than 350 m, and
two islands forming part of this section of the sill. Deeper
channels into the fjord are found on either side of this central
bathymetric high, setting the outer fjord’s sill depth to 475 m on
the eastern side and 375 m on the western side (Fig. 1).

The seafloor of the inner sill is smoother than the outer sill,
likely due to the fact that its surface morphology is less dominated
by bedrock structures than the outer sill. We interpret the inner
sill to be a sedimented glacial grounding zone?* formed when
Ryder Glacier’s grounded margin was further seaward and
positioned at this location. It has a classic asymmetric geometry
with retrograde slope on the ice-proximal side?>-26, supporting
our interpretation of the sill’s origin as a glacial grounding zone,
and a ~6.2km wide central region that is shallower than 300 m
(shallowest point is 193 m). The sill depth is 390 m and is located
in a ~1 km wide channel on the eastern side. The present ice-
tongue terminus of Ryder Glacier is located ~5km landward of
the inner sill. The multibeam sonar swath reached about 1km
underneath the ice tongue. There, we observed several steep
bathymetric steps (dropping down more than 100 m with slopes
up to 50°) in the seafloor, interpreted to be bedrock-controlled.

The seafloor morphology of Petermann Fjord, including
bathymetric characteristics of the sill, has been described
previously!”. The description was based on multibeam bathymetry
acquired in 2015 using icebreaker Oden and the same multibeam
system as used this study. In summary, the bathymetric mapping
revealed one major sill located at the fjord mouth, where it extends
across the width of the fjord and has a maximum depth of 443 m
(Fig. 1c, Supplementary Fig. 1). The sill is generally shallower than
400 m and separates the overdeepened fjord, reaching 1158 m,
from the ~200-600 m deep Hall Basin of Nares Strait. The sills of
Petermann and Sherard Osborn fjords are further compared
below.

Temperature and salinity distribution. Oceanographic stations
including conductivity, temperature, depth (CTD) profiles were
acquired at 25 locations within Sherard Osborn Fjord and at three
locations outside the fjord mouth in the nearby area of the Lin-
coln Sea (Fig. 1b). In addition, 21 CTD stations were acquired in
Nares Strait and Petermann Fjord (Fig. 1c).

An upper cold and relatively fresh water layer is present in all
CTD profiles from Sherard Osborn Fjord and the nearby area of
the Lincoln Sea (Fig. 2). The core of this layer is situated at a
depth around 50 m and has a temperature of about —1.5°C and
salinity below 32. Below this upper layer, the water temperature
and salinity gradually increase with depth. The profiles from
Sherard Osborn Fjord reveal a clear temperature difference
between the waters landward of the inner sill and seaward of this
sill in the main fjord basin, at depths greater than about 250 m
(Fig. 2, see Fig. 1 for CTD locations). Seaward of the outer sill in
Sherard Osborn Fjord, in the Lincoln Sea, the waters from about
2150 m are warmer than at equivalent depths within the fjord. A
temperature transect through a subset of these stations shows
these temperature contrasts between waters on the inland side of
and below the inner sill, and those in the main fjord and Lincoln
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Fig. 2 Potential temperature and salinity from conductivity, temperature and depth (CTD) stations in Sherard Osborn and Petermann fjords as well as
from the Lincoln Sea and Nares Strait, just outside respective fjords. a, b Potential temperature and salinity in the outer Sherard Osborn Fjord (red) and
behind the inner sill (black), referred to as the inner fjord. Profiles from the Lincoln Sea located outside the outer sill of Sherard Osborn Fjord are shown in
blue. ¢, d Potential temperature and salinity in Petermann Fjord (red) and Nares Strait (blue). The near-surface temperature minimum, at around 50 m in
the fjords, represents water formed by seasonal sea-ice growth. Water of Atlantic origin is seen in both fjords from about 350 m water depth where

temperatures are >0.3 °C and salinities are >34.7. The temperature does not exceed 0.2 °C inside the inner sill in Sherard Osborn Fjord a and the salinity is

also lower b.

Sea (Fig. 3). The >0.3 °C warm water with salinity above 34.7 in
the main fjord, from about 350 m to the bottom, must be of
Atlantic origin as no other source brings heat into the Arctic in
this salinity range?’. Inland of the inner sill, in contrast, the
temperature is around 0 °C, never reaching 0.2 °C (Figs. 2 and 3),
and has a temperature—-salinity relationship that shows more
influence from glacial meltwater than in the main fjord basin
(Fig. 4). Three additional temperature profiles constructed
through CTD stations are shown in the Supplementary Fig. 2;
one along the fjord parallel to profile X-X' in Fig. 3a and two
across the fjord, from west to east, one just north (seaward) of the
inner sill and the other along the top of the inner sill. These
profiles show that the temperature stratification across Sherard
Osborn Fjord is rather homogenous, with small variations likely
attributed to eddies and internal waves from wind forcing and
tides. The temperature contrast between the waters inland relative
to those seaward of the inner sill is clearly seen in profile S1-S1’
parallel to X-X’ (Fig. 3 and Supplementary Fig 2a). The warm-
water blockage effect from the shallower parts of the inner sill is
visible in profile S;-S; (Supplementary Fig. 2c¢).

The temperature and salinity distributions in Petermann Fjord
is generally similar to the outer Sherard Osborn Fjord, although
there is a difference in that the upper core of colder water at about
50 m depth is slightly colder in Sherard Osborn Fjord (Figs. 2 and
3). It should also be noted that the Atlantic Water was slightly
warmer in Lincoln Sea outside of Sherard Osborn Fjord than in
Nares Strait outside of Petermann Fjord (Fig. 3).

Comparing Petermann and Sherard Osborn fjords. We com-
pare the inner sill in Sherard Osborn Fjord with the sill at the
mouth of Petermann Fjord mapped in 201517, as these two sills
comprise the documented bathymetric blockages for inflowing
subsurface Atlantic Water closest to the respective glaciers. The
cross-sectional area calculated for each sill between the sill’s
shallowest points, projected onto the shortest distances across the
sill (Fig. 5a, b), provides a comparative measure of the gateway’s
size for inflowing subsurface warmer water towards the respective
glacier. This provides a metric of the connectivity between the
basin inside of the sill and warm subsurface Atlantic Water sea-
ward of the sill. We further constrain this cross-sectional area to
include mainly the relatively warm subsurface waters that flows
toward the glaciers in Petermann and Sherard Osborn fjords. As
shown in Fig. 4, the subsurface waters colder than around 0°C
have generally been modified by interactions with the ice tongues
and are therefore likely to flow seaward. Thus, we limit the cross-
sectional area to only include the subsurface water warmer than
0 °C, which encompasses the water of Atlantic origin®” with high
basal-melt potential relative to the local freezing point, which is
near —2 °C. Supplementary Fig. 3 illustrates how these areas have
been calculated. The area calculated for the inner sill in Sherard
Osborn Fjord is ~264 x 103 m?, from where the depth level is 0 °C
(275 m), while it is ~1991 x 103 m? in Petermann Fjord from
where the depth level is 0°C (221 m) (Fig. 5¢). Thus, the cross-
sectional area through which water >0 °C can transit the sill is as
much as ~7.5 times larger in Petermann Fjord. If we instead
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Fig. 3 Temperature profiles along Sherard Osborn and Petermann fjords. The temperature profiles, from X to X' (a; Sherard Osborn Fjord) and Y to Y’
(b; Petermann Fjord) are based on conductivity, temperature and depth (CTD) stations shown in Fig. 1 and numbered at the top of the profiles. Numbers
within brackets in red next to the station numbers are the closest distances in kilometres to the 2019 location of the ice tongue margins in respective fjords.
The depth profiles are derived from the multibeam bathymetry. Note that the profiles run through the deepest passages across the sills. The sill-crests are
indicated by black dashed lines, and are substantially shallower in Sherard Osborn Fjord. Additional temperature profiles constructed from CTD stations in

Sherard Osborn Fjord are shown in the Supplementary Fig. 2.

compare the cross-sectional areas above the sills for the same
depth reference level in both fjords, here assigned to 248 m
(the midpoint between 275 and 221 m), the water passage area is
~3.4 times larger in Petermann Fjord.

A comparison between the temperature profiles in Sherard
Osborn Fjord from landward and seaward of the inner sill and a
corresponding profile landward of Petermann’s bathymetric sill at
the fjord mouth seems to confirm that Petermann Glacier does
not benefit from the sill protection that Ryder Glacier does;
Petermann Glacier is consequently exposed to significantly
warmer subsurface waters (Fig. 5). The role of the sill geometries
for ice-ocean interactions is further supported by remote-sensing
estimates of the two ice tongues’ basal melting, which suggest that
the submarine melt flux (measured in km3 yr—1), driven by ocean
heat flux, is roughly five times larger for Petermann than for
Ryder?8. However, if we account for the difference in ice-tongue
sizes by converting these data to melt per unit area, the difference
is diminished but remains: the basal melt rate per unit area is
about 20% larger for Petermann than for Ryder. Following a
comparison between the volumes underneath the two ice tongues,
we present numerical modelling that suggests that the lower near
ice-tongue ocean temperatures in the Sherard Osborne Fjord can
explain a melt-rate decrease per unit area of this observationally
inferred magnitude.

The volume of the >0 °C waters, occupying the area between
the grounding lines and the constraining sills in the two fjords,
are substantially different. In Petermann Fjord, this >0 °C water
occurs from a depth of ~225 m inside the sill at the fjord mouth
and amounts to a volume of 980 km3. The equivalent water mass
is found at ~275m in Sherard Osborn Fjord and reaches a
volume of ~180km3 between the inner sill and Ryder Glacier’s
grounding line, i.e. a volume smaller than one-fifth of that found
in Petermann Fjord. These volumes are rough estimates. Since we
do not have temperature profiles from below the ice tongues, we

have simply extended the water masses occupying depths below
0°C temperature back to the grounding lines in both fjords and
subtracted the volume occupied by ice from depths deeper than
275m in Sherard Osborn Fjord and 225 m in Petermann Fjord.

The impact of the colder subsurface waters inside the inner sill
in Sherard Osborn Fjord on subglacial melt rates is examined by
applying a one-dimensional buoyant-plume model, based on
conservation of mass, momentum, heat, and salt*>30. We
performed model runs with two different boundary conditions;
one with ambient salinity and temperature profiles from inside
the inner sill close to the ice-tongue terminus (CTD station 17,
Fig. 1b) and the other with CTD profiles from seaward of the
inner sill, in the main basin (average over CTD stations marked
in Fig. 1b). The model setup and results are presented
in the Supplementary information. The modelling results show
that the average subglacial melt rate on Ryder Glacier tongue is
about 15% higher when using boundary conditions from the
warmer main basin of the fjord compared to the colder boundary
conditions close to the terminus provided by the temperature
profile from CTD station 17.

In summary, Petermann Glacier, with a bathymetric sill located
more than 40 km from the current ice-tongue terminus and a
maximum depth of 443 m, is far more exposed to inflow of
warmer Atlantic Water than Ryder Glacier, which is protected by
an inner sill in Sherard Osborn Fjord with a maximum depth of
390 m restricted to a narrow, 1 km wide channel (Figs. 1 and 5).

Discussion

The impact of inflowing warm water on marine terminating gla-
ciers with ice tongues was observed in western Greenland when, in
1997, the Jakobshavn Glacier thinned rapidly due to a sudden
increase in subsurface temperature, attributed to inflow of
water from the Irminger Sea near Iceland3!. When Jakobshavn lost
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(#37,45, black) and outside (#1, red) of the sill in Petermann Fjord (see Fig. 1 for locations of stations). The small insets in a and b show the full salinity and
temperature ranges to provide overviews. The dashed blue line shows the temperature-salinity relation resulting when ocean water melts ice3> and the
dashed magenta line shows the relation resulting from mixing between ocean water and freshwater injected by subglacial discharge3®. Note that the waters
in Sherard Osborn Fjord landward of the inner sill (Inner Basin) are colder and fresher than the waters in the outer fjord (Outer Basin) from the top of the
inner sill at about 200 m all the way to the bottom, indicating an influence on the physical oceanography of Ryder Glacier on the inner fjord basin. € Current
velocity from ADCP data and density profile at station #19 located in the relatively narrow channel forming the deepest passage across the inner sill in
Sherard Osborn Fjord. The u and v component show the east and north velocities, respectively, capturing a situation with a near bottom inflow towards the

southeast in the channel.

nearly all of its tongue in the early 2000s, iceberg calving directly
from the ice-cliff margin increased drastically32. Jakobshavn drains
into the Ilulissat Icefjord, which has a sill of 200-245 m depth at
the fjord mouth that apparently is too deep at that location to
shield the basal ice-tongue melt from responding strongly to
subsurface Atlantic Water temperature changes in the Irminger Sea
outside the fjord3!. This lack of an effective barrier to inflow of
warm subsurface waters is similar to the setting at Petermann Fjord
but contrasts with the apparent restriction of warm subsurface
water penetration across the shallow inner sill observed in Sherard
Osborn Fjord. The hydrographic and bathymetric setting in
Sherard Osborn Fjord is to some extent similar to that of the 79
North Glacier in Northeast Greenland where a pronounced sill
crossed by a narrow channel constricts the inflow of warm sub-
surface Atlantic Water!4,

Based on the subglacial bed topography map of Greenland
BedMachine v333, the present grounding line of Ryder Glacier is
located ~26 km south of the ice-tongue terminus at the time of our
expedition (August 2019) and is found at a mean water depth of

about 550 m. Ocean temperatures inland of the inner sill at the
grounding-line depth and along the ice tongue are significantly
colder than typical Atlantic Water temperatures seen in the Lincoln
Sea and Nares Strait?! (Figs. 2 and 3). This appears to be in stark
contrast with the Petermann Glacier where a deeper, wider and
smoother sill located ~40 km from the present ice tongue terminus
allows significant interaction between inflowing Atlantic Water
and the glacier?!. Previously reported bathymetric data from
Petermann Fjord, derived through gravity inversion, indicate the
possible presence of a sill with depths of 540-640 m underneath
Petermann ice tongue, ~25km north of the grounding line®%.
Three holes were drilled through the Petermann ice tongue in
2015, one of which was located about 16 km seaward of the
grounding line?!, landward of the potential sill. Water tempera-
tures below this hole were about 0.3 °C at 450 m water depth?l,
indicating that if a bathymetric sill exists underneath the Peter-
mann ice tongue, it does not have the same restricting effect on the
inflowing warmer subsurface water as the inner sill has in Sherard
Osborn Fjord.
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We propose that the bathymetric differences between Peter-
mann and Sherard Osborn fjords have played a role in the dif-
ferent responses of the two glaciers to oceanic forcing over the
past decades. The plume-model results indicate that the colder
water temperatures near the grounding-line on Ryder Glacier
potentially could result in 15% lower basal melt rates than if the
warmer water outside of the inner sill would be permitted to flow
unconstrained towards the glacier. However, the estimated melt
rates from the plume-model must be considered a rough first-
order approximation. More important is the fact that we observe
colder water temperatures landward of the inner sill in Sherard
Osborn Fjord than seaward.

The question of what maintains the water temperatures to be
relatively lower at comparable depths inland of and below the
inner sill in Sherard Osborn Fjord compared to seaward remains
to be addressed. Interactions with the ice tongue must be the
primary reason. This is evident from the temperature-salinity
relationship inland of the inner sill between 200 and 500 m
(Fig. 4) showing cooling and freshening from glacial melt in the
lower part of this depth interval following the typical relationship
shown by H. Gade?”, and the influence of subglacial discharge in
its upper part3®. To explain the lower temperatures inland of the
inner sill we suggest that when the warmer water from the outer
Sherard Osborn Fjord flows inwards over the inner sill, through
the <1 km wide channel formed in its eastern side, it mixes with
the overlying colder and glacially modified outflowing waters. The
concept is illustrated in Fig. 6. That vertical mixing occurs is
supported by acoustic Doppler current profiler (ADCP) velocity
and CTD measurements taken at station 19, located in the narrow
deepest passage on the eastern inner sill (Figs. 1 and 4c). Here, the

warm (~0.3 °C) inflowing water occupies only a 50 m-thick bot-
tom layer that flows towards the ice tongue with speeds reaching
>0.2m s~ 1. An indication of the strength of shear-driven vertical
mixing can be obtained from the Richardson number given by

gh
=57
where U is the velocity in the bottom layer, & its height and ¢’ the
reduced gravity. Vertical mixing is expected if Ri < 0.837 and from
Fig. 4c, taking h=50m, U=02ms ! and ¢ =5x10"4ms~2
we find that Ri=0.6. Presumably, the velocity and mixing
increase when the near-bottom inflow descends along the stee-
pening sill into the ice cavity. The sill in Petermann Fjord, on the
other hand, is wider and has a more uniform depth in the cross-
fjord direction (Fig. 5). Here, the mean inflow is presumably in
geostrophic balance, more broadly distributed and associated
with weaker vertical mixing®. In Sherard Osborn Fjord, the
confinement of the warm-water inflow to a narrow deep passage
over the inner sill with steep (>50°) vertical steps on the inner
slope, serves to enhance vertical mixing, thereby cooling the water
reaching the Ryder Glacier’s grounding line, where glaciers are
most vulnerable. If the speed and volume of inflowing water
increases toward Ryder Glacier, mixing and cooling should
increase. Thus, the depth and structure of the inner sill in Sherard
Osborne Fjord is likely to decrease the sensitivity of the ice tongue
to changes of the properties of the warmer Atlantic Water
residing in the outer fjord.

It is primarily inside the inner sill in the Sherard Osborn Fjord
that the oceanographic conditions differ significantly from those
in Petermann Fjord (Fig. 3). It is plausible that the near co-
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location of the ice tongue and the inner sill in the Sherard Osborn
Fjord in addition to the double-sill configuration are important
for the ice-ocean interactions at Ryder Glacier. This can poten-
tially further constrict the exchange over the inner sill that is only
about 3-5km away from the ice-tongue terminus. Additional
studies are warranted to examine how the distance between the
ice-tongue terminus and a sill can affect ice-ocean interactions
and residence times in ice cavities?>40,

Our study advances our overall quest to improve projections of
ice-sheet mass loss via fjord-bound outlet glaciers and associated
sea-level rise. In particular, we find that basal melting at the
grounding line in fjord settings can be critically influenced by the
sill geometry. The results from Sherard Osborn Fjord presented
here are based on a 2-week field campaign during late summer in
2019. Thus, we cannot be assured that the observed absence of
warmer Atlantic Waters near the Ryder Glacier ice tongue
represents oceanographic conditions in the fjord over a longer
time period. Furthermore, the more northerly location of Ryder
Glacier compared to Petermann Glacier is another component
that may influence the dynamics of the two glaciers, in particular
if this implies different access to warmer Atlantic Water outside
of the hosting fjords. While our oceanographic stations show
slightly warmer subsurface water outside of Sherard Osborn Fjord
in Lincoln Sea than in Nares Strait (Fig. 2), we cannot discern
from our limited data if this represents a long-term regional
pattern or an anomaly for 2019.

However, the stability of the Ryder Glacier ice tongue over the
last decades seems to suggest that variations in water tempera-
tures at its grounding line and associated melting rates have been
modest. We also note that our CTD stations and geophysical
mapping do not directly provide the conditions at the grounding
line about 26 km from the ice-tongue margin. Oceanographic
moorings with temperature loggers placed in Sherard Osborn
Fjord at strategic locations are needed to resolve this question.
Finally, we have not addressed potential influences of fjord geo-
metry and side-wall stresses on glacial flow in this study, which
may be critical for the advance- and retreat-dynamics of Ryder
and Petermann glaciers. In particular, the narrowing of Sherard
Osborn Fjord that occurs from the inner sill to where the ice
tongue of Ryder Glacier presently is located may have played a
stabilizing role and prevented further retreat.

Methods
Multibeam bathymetry. Bathymetric mapping was conducted during the Ryder
2019 Expedition in Sherard Osborn Fjord between 2019-08-11 and 2019-08-25

using the Kongsberg EM122 (12 kHz, 1° x 1°) multibeam echosounder installed on
icebreaker Oden. The multibeam is supported by a Kongsberg Seapath 320 navi-
gation system including a MRU5 motion sensor. Profiles of sound speed as a
function of depth derived from the coincident physical oceanography programme
(see below) were used to correct for acoustic refraction in the bathymetric data, and
a near-sonar sound speed sensor was used for real-time beamforming. Data were
resolved to instantaneous sea level. A calibration, known as a patch test, was
conducted for Oden on 2019-08-21 in Sherard Osborn Fjord and calibration results
were applied to all bathymetric data.

All bathymetric data were processed using QPS Qimera software, version
1.7.6. During processing data were associated with their nearest in-time (as
opposed to previous), sound speed profile, re-corrected for refraction effects
using an automatically determined empirical correction where required, and then
re-computed for depth. A total propagated uncertainty was computed for each
sounding using sonar-specific parameters, and the combined uncertainty and
bathymetric estimator (CUBE) algorithm41 implementation within Qimera was
used to generate depth estimates in a series of 15 m grids. A North Polar
Stereographic projection with true scale at 75°N and zero meridian through
Greenwich was used for grid construction. The depth estimates were inspected
immediately post-collection by the expedition party for anomalies (e.g., due to
the noise induced by breaking ice, poorly corrected refraction, acoustic side-
echoes, or in-water reflections) which were remediated by excluding the
offending data from further consideration; a second-stage quality assurance check
was conducted by an independent and experienced observer. Finalized depth
estimate grids were constructed as QPS Fledermaus digital terrain models (for
visualization) and floating-point GeoTIFF images (for GIS applications and
product construction). Maps were made using the Open Source QGIS software
version 3.8.3-Zanzibar.

Oceanographic stations. Observations of temperature and salinity were made
during the Ryder 2019 Expedition using a Seabird 911 CTD. The CTD was
equipped with a 24 Niskin bottle (12 liters) rosette and the following sensors: Dual
SeaBird temperature (SBE 3), conductivity (SBE 04C), dissolved oxygen (SBE 43),
turbidity and fluorescence (WET Labs ECO-AFL/FL), and a Benthos Altimeter
PSA-916D. In situ conductivity and temperature have been converted to potential
temperature and absolute salinity (referred to as salinity in Fig. 4) using the TEOS-
10 equation of state, and are reported from stations inside Sherard Osborn Fjord,
off the fjord mouth in the Lincoln Sea, and in Petermann Fjord.

Lowered ADCP. Two RDI Workhorse (300 kHz) ADCPs were mounted on the
CTD rosette (one upward- and one downward-looking). Data were processed with
the LDEO IX13 LADCP package®?, written in MATLAB and available from www.
ldeo.columbia.edu/cgi-bin/ladcp-cgi-bin/hgwebdir.cgi.

Plume modelling. We used the one-dimensional buoyant-plume model developed
and refined by Jenkins?®30. This model is based on conservation of mass,
momentum, heat and salt#3. The model setup and input parameters are further
described in the Supplementary information where the results are presented.

Data availability

All data presented in the paper (multibeam bathymetry and oceanographic stations) are
available in the Bolin Centre for Climate Research database. Multibeam bathymetry:
https://doi.org/10.17043/ryder-2019-bathymetry. LADCP (current measurements):
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