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} SPECIAL ISSUE ON OCEAN-ICE INTERACTION

Improving Bed Topography Mapping of
Greenland Glaciers Using NASA’s
Oceans Melting Greenland (OMG) Data

By Mathieu Morlighem, Eric Rignot, and Josh K. Willis

adit: Christopher Kemp




Glacier bed topography and bathymetry

data are critical for better assessing the

vulnerability of the Greenland Ice Sheet to

climate change and improving projections of its
future contribution to sea level rise.

ABSTRACT. Melting of the Greenland Ice Sheet has the potential to raise sea level
by 7.36 m and is already contributing to global sea level rise at a rate higher than
1 mm yr~!. Computer models are our best tools to make projections of the mass balance
of Greenland over the next centuries, but these models rely on bed topography data
that remain poorly constrained near glacier termini. Accurate bed topography in the
vicinity of calving fronts is critical for numerical models, as the shapes of the glacier
bed and of the nearby bathymetry control both the ocean circulation in the fjord and
the stability and response of the ice sheet to climate warming. NASAs Oceans Melting
Greenland (OMG) mission is collecting bathymetry data along Greenland fjords
at several glacier termini. Here, we show that these measurements are transforming
our knowledge of fjord and glacier depths. Using a mass conservation approach,
we combine OMG bathymetry with observations of ice velocity and thickness to
produce estimates of bed depth and ice thickness across the ice-ocean boundary
with unprecedented accuracy and reliability. Our results along the northwest coast of
Greenland reveal complex structural features in bed elevation, such as valleys, ridges,
bumps, and hollows. These features have important implications for both channeling
ice flow toward the continental margin, and for controlling the amount of warm, salty
Atlantic Water that reaches the glaciers.

INTRODUCTION this melting is contributing more than

The Greenland Ice Sheet has been losing
mass in response to the rapid warming of
the Arctic, and is contributing to sea level
rise at an increasing rate (Rignot et al.,
2011; Shepherd et al, 2012; Enderlin
et al., 2014). Fluctuations in ocean and
atmospheric circulations are not only
affecting the amount of melting and run-
off at the ice sheet surface, they are also
contributing to the acceleration, thin-
ning, and retreat of multiple outlet gla-
ciers around Greenland (e.g., Howat
et al., 2007; Moon et al., 2015; Mouginot
et al, 2015). Complete melting of the
Greenland Ice Sheet has the poten-
tial to raise sea level by 7.36 m. Already,

1 mm yr ! of sea level rise, and the rate
is increasing (Shepherd et al., 2012;
Velicogna et al., 2014). Numerical mod-
els are the best tools for assessing the vul-
nerability of the Greenland Ice Sheet to
climate warming and for making projec-
tions of the ice sheet under different CO,
emission scenarios. Yet, predicting how
fast the ice sheet will melt has proven
to be challenging (Joughin et al., 2012),
primarily because of our limited knowl-
edge of bed topography and bathyme-
try in the vicinity of the ice sheet margin
(Seroussi et al., 2011; Morlighem et al.,
2014; Aschwanden et al., 2016).

Glacier bed topography and bathym-

etry data are critical for better assess-
ing the vulnerability of the Greenland
Ice Sheet to climate change and improv-
ing projections of its future contribu-
tion to sea level rise. Topography con-
trols the stability of grounding lines
(where grounded ice begins to float)
and calving fronts of grounded glaciers
(where icebergs break off from the gla-
cier; e.g., Weertman, 1974; Schoof, 2007;
Pattyn et al, 2013; Morlighem et al,
2016). For instance, it is well established
that calving fronts and grounding lines
are unstable on retrograde beds (i.e., the
bed elevation becomes deeper below sea
level going inland), except in the pres-
ence of high lateral shear (Gudmundsson
et al., 2012). This phenomenon is known
as marine ice sheet instability (MISI;
Weertman, 1974) or tidewater instability
(Post, 1975). Conversely, calving fronts
of grounded glaciers and grounding lines
are stabilized by topographic bumps or
ridges in the bed that may slow down or
even stop the retreat of glacier fronts. An
accurate and precise knowledge of these
features is therefore key to improving
projections from numerical models.

Ice thickness and bed topography
are routinely measured by airborne ice-
penetrating radars that detect the ice/bed
interface along profiles at a vertical res-
olution of approximately 50 m, depend-
ing on the radar wavelength (e.g., Evans
and Robin, 1966; Gogineni et al., 1998).
Yet, detecting the bed in coastal sectors,
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where it matters most for ice sheet mod-
els, remains challenging. First, the highly
crevassed surface of the ice near the
coast creates signal scattering that gener-
ates clutter and noise. Second, the ice in
these regions is often warm, and englacial
water (water inside the glacier) attenuates
the radar signal, potentially preventing it
from reaching the bed. Finally, many of
Greenland’s marine-terminating glaciers
flow along deeply entrenched valleys,
and the signal echoes from adjacent bed
topography (Holt et al.,, 2006). Despite
major advances in radar sounding tech-
nology over the past two decades and a
tripling of radar acquisitions with the
advent of NASAs Operation IceBridge
(OIB), major gaps in radar coverage
remain along the coast of Greenland.
Figure 1 shows the example of Store
Gletscher in West Greenland. The black
lines show the radar tracks from OIB
where we have a positive identification
of the bed (i.e., the ice/bed interface is
clearly identifiable on radar echograms).
We see in Figure 1a that many of these
black lines stop in the region of fast flow
(in purple/red), indicating that the ice/
bed interface is not detected by the radar.
The bed topography under the ice stream,
which controls the ice discharge of the

entire basin, remains difficult to sound
and poorly constrained. This problem is
not specific to Store Gletscher; the depth
of the bed of many ice streams along the
periphery of the ice sheet is unknown.
Figure 1b shows bed topography from
Bamber et al. (2013) that relies on OIB
measurements and a geostatistical tech-
nique called Kriging. Due to lack of
data over the ice stream, the deep valley
of Store Gletscher stops 8 km from the
ice front, where the bed rises above sea
level. This description of the bed topog-
raphy is wrong because Store Gletscher is
a marine-terminating glacier, and the ice
bottom near the terminus is several hun-
dreds of meters below sea level (Rignot
et al., 2015). We cannot expect numer-
ical models of ice sheet flow to be reli-
able in the periphery of the ice sheet with
these data sets, which miss key features
in bed topography.

A new method based on the conserva-
tion of mass (MC; Morlighem et al., 2011,
2013) has revolutionized ice thickness
and bedrock mapping under the ice sheet
(Aschwanden et al., 2016). Contrary to
Kriging, MC does not rely solely on OIB
measurements. It combines sparse ice
thickness data with ice surface veloc-
ity data, for which we have complete

coverage at high (150 m) resolution, and
the principle of conservation of mass. This
approach, described in more detail in the
next section, has revealed that fjords and
valleys extend further inland than previ-
ously thought, and remain below sea level
for tens of kilometers (Morlighem et al.,
2014). Figure 1c shows the MC-inferred
bed topography of Store Gletscher 400 m
below sea level at the glacier front, where
the ice is in contact with the ocean. With
MC, we map the bed topography of gla-
ciers for which we have limited ice thick-
ness observations, but these estimates
remain poorly constrained by ice thick-
ness measurements near glacier fronts,
and errors in MC-inferred bed topogra-
phy due to error in input data are poten-
tially up to 100 m or more in some
places. Thus, it is difficult to assess MC
bed accuracy near glacier fronts. This
problem of evaluation can be addressed
by comparing the ice front depth
from MC with measured bathymetry
near the ice fronts.

Until today, bathymetry has remained
largely unknown in the fjords of
Greenland (Bamber et al., 2013). It has
therefore been difficult to quantify the
uncertainty in MC-derived bed topogra-
phy near glacier fronts. Moreover, the lack

Ice velocity (m yr)

1 10 100 1,000

Bed elevation (m)

-1,000 -800 -600 -400 -200

0 200 400 600 800

Figure 1. (a) Measured ice surface velocity of Store Gletscher, West Greenland (Rignot and Mouginot, 2012), overlaid on a Moderate Resolution Imaging
Spectroradiometer (MODIS) Mosaic of Greenland (MOG). (b) Bed elevation from Bamber et al. (2013) color-coded between —1,000 m and +800 m, with
areas below sea level in blue. (c) Bed elevation from Morlighem et al. (2014) using mass conservation. The white lines delineate the limit of land ice, and
the black lines are Operation IceBridge (OIB) radar tracks with positive identification of the bed.
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of bathymetry data precludes numerical
modeling of ocean circulation within the
fjord, which poses a fundamental limit
on our understanding of ice-ocean inter-
actions and how the Greenland Ice Sheet
may respond to ocean warming.

One of the primary scientific objectives
of NASAs Oceans Melting Greenland
mission (OMG, https://omg.jpl.nasa.gov)
is to improve our understanding of
ocean circulation in the fjords and how
this water interacts with Greenland’s
marine-terminating glaciers. Warm sub-
surface ocean waters of subtropical ori-
gin (Atlantic Water) are generally pres-
ent below 200-250 m water depth in
Greenland fjords, and these waters may
or may not interact with the glacier ter-
mini, depending on the fjord’s bathym-
etry; for example, the presence of a sill
might block the ocean circulation at that
depth and prevent this warm water from
reaching the glacier front. Precise knowl-
edge of the depth of these fjords is there-
fore needed to better understand which
glaciers interact more strongly with
the ocean and are more susceptible to
enhanced ocean circulation in the fjords.
Since 2015, OMG has been collecting a
variety of data, including airborne grav-
ity; high-resolution ice surface topogra-
phy along the coast; conductivity, sea-
water temperature, and depth (CTD)
from sensors deployed from boats and
by air drop; and multibeam echosound-
ing (MBES). Here, we only use MBES
data that provide bathymetry at a hori-
zontal resolution of 25 m with 1 m accu-
racy in fjords along the west coast of the
Greenland Ice Sheet (OMG Mission,
2016a). We show that these measure-
ments help constrain, and provide a
means of evaluating, bed topography
and ice thickness near the glacier fronts.
Therefore, OMG bathymetry measure-
ments not only improve the description
of the fjords around the Greenland Ice
Sheet, they also help improve our knowl-
edge of the topography under the ice
through a mass conservation approach.
We apply this method along several gla-
ciers of the northwest coast of Greenland.

DATA AND METHOD

The principle of mass conservation relies
on a transport equation. For a given
two-dimensional ice domain, Q, if we
know how much mass is coming along
the inflow boundary I'_ (i.e., its flux), and
if we know where this ice is going and
how much is added/subtracted locally
(e.g., snow accumulation or ablation),
MC determines the ice thickness over
the entire ice domain by solving the mass
conservation equation:

V-Hv=ainQ )

H=H,onl_,
where H is the ice thickness, Vv is the
depth-averaged ice velocity vector, and
a is the apparent mass balance (i.e., the
sum of surface mass balance and thin-
ning rate). To account for all OIB mea-
surements of ice thickness, H,,, along
flight tracks, T, that lie within the model
domain Q, we formulate an optimization
problem (Morlighem et al., 2011, 2013),
where the following cost function must
be minimized:

J(H) =] % (H - Hy) dT + R(H), (2)

where R is a regularization term to avoid
strong gradients in H. This minimization
is under constraint as the ice thickness, H,

of the ice surface. We use the Greenland
Ice Mapping Project Digital Elevation
Model (GIMP DEM) from Howat et al.
(2014) and apply this method to glaciers
that are grounded at their termini. OMG
is also collecting high-resolution (25 m)
surface elevation data (OMG Mission,
2016b) along coastal Greenland, which
could also be used to derive beds near
glacier termini in the future.

We use ice velocity measurements
derived from satellite radar data collected
in 2008-2009 (Rignot and Mouginot,
2012) and assume that the surface
velocity is a good approximation of the
depth-averaged velocity for these fast
flowing regions. The surface mass bal-
ance is averaged for the years 1961-1990
(Ettema et al., 2009), and ice thickening
rates are from 2003-2008 from Schenk
and Csatho (2012). We constrain the
model by all OIB radar-derived thickness
data. The inflow boundary follows a flight
line of OIB for which we have good bed
return, as it constrains all of the model
downstream. There is a complete descrip-
tion of the mass conservation method in
Morlighem et al. (2011). MC provides ice
thickness and bed topography maps at a
horizontal resolution of 150 m and a ver-
tical accuracy of 50 m or higher depend-

This new map, together with OMG

temperature and salinity data from CTDs, opens

the door to modeling ocean circulation in the

entire fjord system in three dimensions, making it

possible to better understand the vertical structure
of ocean waters and its temporal variability.

is forced to satisfy the mass conservation
equation (Equation 1). The bed topog-
raphy under grounded ice is deduced
by subtracting this mass-conserving ice
thickness from a digital elevation model

ing on the spacing between flight lines
and errors in input data: ice velocity, sur-
face mass balance, and rate of ice thin-
ning (Morlighem et al., 2013).

Here, we additionally use MBES
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bathymetry data collected by OMG that
have a horizontal resolution of 25 m and
a vertical accuracy of 1 m (OMG Mission,
2016a). Integrating OMG bathymetry
data with MC mapping is not straight-
forward, as OMG provides water depths
in the vicinity of glacier termini and MC
solves for ice thickness. Ocean depths
must be translated into ice thicknesses
at the ice front. The first step consists of
looking for the closest bathymetry mea-
surement for each point at the glacier ter-
minus. The terminus position is given by
the GIMP mask (Howat et al., 2014). If
we find a bathymetry data point less than
100 m away, we assume that the depths
at this point and at the calving face are
the same, and deduce the ice thickness
by adding this depth, —b, to the surface
height above sea level given by the digi-
tal elevation model of the ice surface, s.
This ice thickness at the calving front is
then used in the optimization sequence
of MC so that the modeled thickness
is as close as possible to this prescribed
thickness. MC indeed cannot impose ice
thicknesses in any other place than the
inflow boundary, I'_, but allows input
parameters such as ice velocity or ice
thinning rates to be adjusted within their

OMG + gimpdem

Ice-Free Land
1 %
Ice L ?’

A

i

-800 -600 —400 -200 O

o
”

respective error margins in order to min-
imize the cost function (Equation 2). We
include an additional term to account for
the OMG inferred ice thickness at the
glacier front:

J(H) = % (H - HyY dT + )
% (H - (s - b))’ ds + R(H),

I terminus

OMG constraint

where s is the surface elevation from the
GIMP DEM (Howat et al., 2014), and b
is the OMG bathymetry. The benefit is
that even though we might not have any
radar-derived ice thickness constraint for
tens of kilometers upstream, we now have
one reliable and accurate constraint at the
glacier terminus. Error in ice thickness
from MC tends to increase along flow as
we move away from ice thickness mea-
surements that constrain the calculation.
Without including OMG data at the ice
front, errors in ice thickness are poten-
tially large at the calving face, reaching
100 m or more. Integrating OMG data
therefore has the potential to significantly
reduce the error in bedrock elevation not
only in the vicinity of glacier termini but
also further upstream.

Figure 2 illustrates our methodology

OMG + gimpdem + MC

)

Bed elevation (m)

200 400 600 800

for Savissuag WW and Savissuaq
WWWW, following the naming con-
vention of Rignot and Mouginot (2012),
in Northwest Greenland. We first com-
pile OMG bathymetry data and data for
ice-free land (Figure 2a), then run MC
by accounting for OIB and OMG data
(Figure 2b), and fill data gaps in bathym-
etry (black areas in Figure 2) by relying
on a natural neighbor algorithm.

We apply this method to the north-
west coast of Greenland, where OMG has
been collecting bathymetry data in pre-
viously uncharted waters, and compare
our results to earlier maps from Bamber
et al. (2013) and Morlighem et al. (2014)
(Bedmachine Greenland) that did not
include OMG data. Bamber et al. (2013)
relied on the International Bathymetric
Chart of the Arctic Ocean version 3
(IBCAOvV3; Jakobsson et al, 2012).
IBCAOV3 was a significant improvement
over the previous version, but in a num-
ber of fjords, the bathymetry is unrealis-
tically shallow, especially in narrow fjords
where no bathymetry data were available
prior to OMG. To overcome this issue,
Bamber et al. (2013) manually lowered
the bathymetry in the vicinity of some
of these fjords.

OMG + gimpdem + MC + NN

i

FIGURE 2. (a) OMG bathymetry (blue color scale) and ice-free land topography (green-brown color scale) from the Greenland Ice Mapping Project
Digital Elevation Model (GIMP DEM; Howat et al., 2014) around Savissuaq WW, Northwest Greenland. The ice is shown in gray, and the black areas are
the regions for which no bathymetry data are available. (b) Same map with integration of conservation of mass (MC) bed data. (c) Same map with natural-

neighbor (NN) interpolation in the black area.
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RESULTS AND DISCUSSION

Figure 3a shows the bed topography and
ocean bathymetry of Savissuaq Gletscher
before OMG from Bamber et al. (2013).
Savissuaq Gletscher is a marine-
terminating ice stream, about 5 km wide,
located in Northwest Greenland (76.3°N,
65.6°W). The ocean bathymetry provided
by Bamber et al. (2013) is flat and shal-
low (<100 m), rises near the ice front
from 20 m below sea level to 50 m above
sea level. According to this data set,
Savissuaq Gletscher is a land-terminating
glacier and does not interact with the
ocean, which is incorrect. The topogra-
phy of the bed under the ice shows a val-
ley, close to sea level, that coincides with
a flight line in the center of the ice stream
and includes interpolation artifacts such
as bumps and hollows typical of Kriging.
Figure 3b shows the MC map before
integrating OMG data (Bedmachine,
Morlighem et al., 2014). MC uses the
same radar measurements as those used
by Bamber et al. (2013), but relies on
mass conservation rather than Kriging.
MC infers a well-defined valley that
coincides with the ice stream but at a sig-
nificantly higher resolution, and captures
valleys under tributary glaciers that were
missing in the previous map. While MC
provides significant improvements over
other mapping methods (Aschwanden
et al., 2016), the bed at the glacier termi-
nus is still between 0 m and 20 m above
sea level, which is incorrect. The inclu-
sion of OMG data at the glacier termi-
nus mitigates this problem (Figure 3c).
The new map shows a fjord that remains
continuously below sea level for about
20 km upstream of the terminus, which
lies 150 m below sea level at its deepest
point. Without this additional constraint,
MC was already able to capture import-
ant features in the bed, but the lack of reli-
able ice thickness data close to the glacier
terminus resulted in a valley under the ice
that was too shallow. Figure 4 shows the
difference between this new description
of the bed topography and the previous
data sets. We observe (Figure 4c) that the
inclusion of OMG data does not change

the general pattern of the bed topography
(i.e., the bed features in Bedmachine and
in this study are the same), but the inclu-
sion of OMG introduces an offset in the
bed elevation. The initial MC bed from
Bedmachine was about 150 m higher,
most likely because of errors in the sur-
face mass balance and/or the ice thinning
rate near the glacier front.

Figures 3d-f and 4d-f show the
same maps for South Hayes, a marine-
terminating ice stream about 250 km
south of Savissuaq Gletscher. South
Hayes (74.8°N, 56.7°W) is one of the ice
streams that branches off from Hayes
Gletscher, a major outlet glacier that
flows over a deep trough (1,000 m below
sea level). In the map from Bamber
et al. (2013), the fjord is above sea level

Bamber et al.,, 2013

Savissuaq Gletscher

South Hayes

Ussing Braeer

Bedmachine Greenland

10 km away from the glacier terminus,
which makes South Hayes appear to be a
land-terminating glacier. The bed topog-
raphy under the glacier itself rises near
the front and reaches sea level at its ter-
minus. MC, on the other hand, detects
a pattern consistent with the ice velocity
that depicts a glacier front about 500 m
below sea level and two distinct branches
that merge 5 km upstream of the glacier
terminus (Figure 3e). Without includ-
ing OMG data, MC already provides a
bed topography that is in close agree-
ment with OMG bathymetry at the gla-
cier front (Figures 3e,f and 4d). This is
not specific to South Hayes, the pre-
vious example (Savissuaq Gletscher)
being one of the few exceptions. We find
that MC-derived ice front depths are

This study

Bed elevation (m)

-600 —400 -200

0 200 400 600

FIGURE 3. Bed elevation beneath (a—c) Savissuaq Gletscher, (d—f) South Hayes, and (g—i) Ussing
Braeer from Bamber et al. (2013) in (a,d,g), Morlighem et al. (2014) using mass conservation in (b,e,h),
and including bathymetry data in (c, f, i) color coded between =700 m and +600 m, with areas below
sea level in blue. The white lines delineate the limit of land ice.
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generally within 100 m of OMG bathym-
etry data, which gives some confidence
in the reliability of MC even in regions
where the glacier termini are poorly con-
strained. The inclusion of OMG data
(Figure 3f) makes it possible to evaluate
the MC-derived bed, correct the remain-
ing error near the ice front, and provide a
more accurate mapping of bed topogra-
phy. The valley 5 km south of the main ice
stream in Figure 3f appears about 100 m
deeper than what MC inferred originally,
even though the general shape of the bed
is conserved (Figure 4f).

Finally, Ussing Braer and Ussing
Braer N (Figures 3g-i and 4g-i) are

Bamber et al. — This Study

Savissuaq Gletscher

South Hayes

Ussing Braeer

Elevation Difference (m)

located ~100 km south of Hayes (73.9°N,
55.7°W). Their ice fronts are 5 km and
8 km wide, respectively. In the previ-
ous mapping from Bamber et al. (2013)
and IBCAO, the fjord depth is mostly
flat above sea level, with the exception
of a narrow fjord along Ussing Braeer
that was introduced manually. The bed
topography of the glaciers shows bumps
between flight lines that are typical arti-
facts of Kriging and not realistic. Without
accounting for bathymetry data, MC
is able to correctly capture the general
shape of the bed topography with a cor-
rect depth of ~600 m and ~400 m below
sea level at the glacier fronts (Figure 3h).

Including OMG bathymetry data
(Figure 3i) yields a slightly deeper val-
ley (Figure 4f) and shows excellent agree-
ment with the bathymetry data collected
near the glacier front. Our mapping sug-
gests that the Ussing Breaeer bed deepens
inland. We can posit that if its ice front
retreats by 3 km, Ussing Breeer will start a
phase of fast retreat of about 8 km along
retrograde bed.
Applying a
to other ice streams in the north-

similar  technique
west (e.g., Steenstrup Gletscher, Rink
Gletscher, Yngvar Nielsen Bre), we find
that MC-inferred depths at glacier ter-
mini before integrating OMG data were,

00 W

Bedmachine — This Study Bed Profiles
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C —— OMG Bathymetry
—— Bamber et al., 2013
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FIGURE 4. Difference between Bamber et al. (2013) (a,d,g), Morlighem et al. (2014) (b,e,h), and this study over (a—c) Savissuaq Gletscher, South Hayes (d—f),
and Ussing Braeer (g—i). The right panels show the three bed profiles and OMG bathymetry data along the flow lines shown in black on the left panels.

68 Omamﬂmpﬁ)/ | Vol.29, No.4



as mentioned above, already in reason-
able agreement with newly collected
bathymetry data; this was despite the
lack of ice thickness data near glacier
termini and potential large errors in ice
thinning rates and surface mass balance.
Integrating OMG data reduces the error
in the vicinity of the ice front and in the
region directly upstream of the ice front,
and makes the mapping more robust
and seamless as it is more constrained in
regions that rarely have reliable radar ice
thickness data. To illustrate that improve-
ment, Figure 5 shows the bed topogra-
phy from Bamber et al. (2013) and from
MC together with OMG in the northern
part of Northwest Greenland. OMG data
reveal unique features in the bathymetry,
such as deep fjords (more than 1,000 m
below sea level in places) that extend
below the ice sheets for tens of kilometers
according to MC, free of Kriging artifacts
(e.g., “string of beads” along flight lines
clearly visible on Figure 5a). Our new
data set (Figure 5b) provides continuous
mapping of the bathymetry and the sub-
glacial bed topography.

The second phase of this work con-
sists of “stitching” the MC bed with

OMG bathymetry data in order to pro-
vide a complete and seamless map of
bed topography that covers the seafloor,
the fjords, ice-free land, and the topogra-
phy under grounded ice. Figure 6b shows
our new bed for comparison with the
bed from Bamber et al. (2013), depicted
in Figure 6a, over the northwest coast
of Greenland from 73°N to 76°N. In the
Figure 6a bed topography, glacier ter-
mini are above or close to sea level for
many of the ice streams and are missing
important features like ridges and val-
leys that play critical roles in ice dynam-
ics. Our OMG-MC mapping (Figure 6b)
provides seamless transitions at the gla-
cier termini and is consistent with ice
physics because it relies on the conser-
vation of mass (Seroussi et al., 2011;
Aschwanden et al., 2016).

While the bathymetry of IBCAOV3 is
shallow and flat, OMG data show a dozen
narrow (5 km) and deep (>800 m below
sea level) fjords that coincide with the
position of current ice streams at the ice
boundary. These networks of deep paleo-
fjords, revealed by OMG for the first
time, are of glacial origin (i.e., generated
by long-term—hundreds of thousands of

years—glacial erosion of the bed; Kessler
et al., 2008). Greenland ice streams
advance and retreat during glacial cycles,
sometimes reaching the continental shelf
break, which results in significant ero-
sion of the bedrock still visible today.
The combination of OMG and MC gives
an unprecedented picture of present and
past glacial landscapes.

More this mapping
provides the first complete and accu-

importantly,

rate description of the glacier bed and
bathymetry of this region. Ocean circu-
lation models could not be used in these
regions previously, as the bathymetry
was unknown. This new map, together
with OMG temperature and salinity data
from CTDs, opens the door to model-
ing ocean circulation in the entire fjord
system in three dimensions, making it
possible to better understand the ver-
tical structure of ocean waters and its
temporal variability. Ultimately, these
new maps will make projections of the
ice sheet contribution to sea level rise
over the next centuries more reliable.
As OMG expands its coverage, we will
update the MC maps over grounded
ice, extend our mapping to include the
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& FIGURE 5. Bed elevation and bathymetry of the northern part of Northwest Greenland
from (a) Bamber et al. (2013), and (b) from mass conservation combined with OMG data,

color coded between -1,300 m and +700 m, with areas below sea level in blue. The
white lines delineate the limit of land ice.
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FIGURE 6. Bed elevation and bathymetry of Northwest Greenland from Bamber et al. (2013) (a) and from mass conservation combined with OMG data
(b) color coded between -1,300 m and +700 m, with areas below sea level in blue. The white lines delineate the limit of land ice.

entire periphery of the Greenland Ice
Sheet, and release the final product
to the community.

CONCLUSIONS

We combine here for the first time mass
conservation glacier bed mapping and
newly collected bathymetry data from
OMG to evaluate and improve descrip-
tions of bed topography under grounded
ice near glacier termini, where it mat-
ters most for improving the reliability of
ice sheet models. Ice thickness and bed
topography are routinely measured by
airborne sounding radars, but this tech-
nique remains challenging to use near the
coast. MC provides reasonable bed eleva-
tion estimates over the periphery of the
ice sheet, but remains poorly constrained
by radar data. OMG data are transform-
ing our knowledge of bathymetry, and the
addition of OMG bathymetry data near

70 Occam/jmp/z)/ | Vol.29, No.4

the ice fronts makes MC-derived bed
topography more reliable in the vicin-
ity of these fronts. Assembling OMG
bathymetry and MC bed topography
makes it possible to construct a complete,
seamless, and highly reliable description
of the topography of the ice sheet and the
entire fjord system. We expect projections
of sea level rise to be vastly improved with
these new maps, as they represent a major
improvement over existing data sets. This
new bed topography map will be avail-
able in the next version of Bedmachine
Greenland at the National Snow and
Ice Data Center.
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