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Inland thinning on the Greenland ice sheet
controlled by outlet glacier geometry

Denis Felikson?*, Timothy C. Bartholomaus', Ginny A. Catania®?, Niels J. Korsgaard®, Kurt H. Kjaer>,
Mathieu Morlighem®, Brice Noél’, Michiel van den Broeke’, Leigh A. Stearns?, Emily L. Shroyer®,
David A. Sutherland' and Jonathan D. Nash®

Greenland's contribution to future sea-level rise remains uncertain and a wide range of upper and lower bounds has been
proposed. These predictions depend strongly on how mass loss—which is focused at the termini of marine-terminating outlet
glaciers—can penetrate inland to the ice-sheet interior. Previous studies have shown that, at regional scales, Greenland ice
sheet mass loss is correlated with atmospheric and oceanic warming. However, mass loss within individual outlet glacier
catchments exhibits unexplained heterogeneity, hindering our ability to project ice-sheet response to future environmental
forcing. Using digital elevation model differencing, we spatially resolve the dynamic portion of surface elevation change from
1985 to present within 16 outlet glacier catchments in West Greenland, where significant heterogeneity in ice loss exists. We
show that the up-glacier extent of thinning and, thus, mass loss, is limited by glacier geometry. We find that 94% of the total
dynamic loss occurs between the terminus and the location where the down-glacier advective speed of a kinematic wave of
thinning is at least three times larger than its diffusive speed. This empirical threshold enables the identification of glaciers

that are not currently thinning but are most susceptible to future thinning in the coming decades.

ass loss from the Greenland ice sheet (GrIS) has
I\/\ accelerated since 2005 and is concentrated near the

southeast and northwest margins'™*. Numerous studies
have described spatiotemporal heterogeneity in outlet glacier
terminus retreat’, surface elevation®, and velocity change’ that
influence where and when mass is lost from the ice sheet. At the
~500km scale, average changes correlate with atmospheric and
oceanic temperature increases’''. However, individual glaciers
contribute to ice sheet mass loss disproportionately from their
catchment area'? and no mechanism exists to explain the observed
heterogeneity of mass loss within individual glacier catchments.
Previous work has shown that glacier retreat is initiated as a
perturbation to the force balance at the terminus, causing thinning
that propagates up-glacier'>"* at different rates”. Inland thinning
can account for more than 75% of total mass loss from a glacier
catchment” and uncertainty in the extent of inland thinning
strongly influences Greenland’s contribution to future sea-level rise,
for which a wide range of upper and lower bounds is given in the
literature (46 mm-538 mm by year 2100; refs 13,16-18).

Spatial heterogeneity of observed mass change

To fully resolve the complex pattern of outlet glacier behaviour,
we calculate mass change from surface elevation changes in West
Greenland using high-resolution digital elevation models (DEMs)
from a 1985 aerial survey of the region”” and WorldView stereo
imagery collected from 2012 to 2015 (Supplementary Table 1).
These data sets provide unprecedented spatial resolution (25 m) of

surface elevation change. By differencing the DEMs and remov-
ing the component of mass change due to surface mass balance
(Methods, Supplementary Fig. 1), we obtain estimates of dynamic
mass loss in the near-terminus regions of outlet glaciers (Fig. 1),
revealing significant spatial variability in dynamic mass loss among
glaciers (—0.1 Gt to —190 Gt; Supplementary Table 2). The high
spatial resolution of the DEMs and a new model-derived estimate
of bed topography” allow us to resolve the upstream limits of
dynamic thinning within glacier catchments and explain, through
kinematic wave theory”', why the inland extent of dynamic thinning
varies from glacier to glacier, thus providing an explanation for the
heterogeneity in observed mass loss.

We find that, of the 16 glacier catchments in West Greenland,
four have dynamically gained mass since 1985 and their termini
have remained stable: Rink Isbrae (RNK), Kangerlussuup Sermersua
(KAS), Store Gletsjer (STR) and Sermeq Avannarleq (AVA) (Supple-
mentary Table 2). The remaining 12 catchments have dynamically
lost mass, although the amount and spatial extent of this dynamic
thinning varies (Fig. 1). Hereafter, we refer to dynamic thinning and
dynamic mass loss simply as thinning and mass loss, respectively.
In the Sermeq Kujalleq (KUJ) catchment, thinning extends 15 km
up-glacier from its terminus, whereas the Jakobshavn Isbre (JAK)
catchment has thinned to 120 km up-glacier from its present-day
terminus®. Consistent with past studies™'!, but at higher spatial
resolution, we find that retreat and thinning are linked; glaciers that
have undergone the largest retreats have also experienced the great-
est thinning (Umiammakku Isbree (UMI), Sermeq Silarleq (SIL),
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Figure 1| Dynamic surface elevation change and mass loss. Surface
elevation change from DEM differencing from 1985-present with surface
mass balance (SMB) anomaly removed. Labels pertain to glacier names
listed in Supplementary Table 2. Differences plotted on top of GIMP surface
classification mask?® with ice in white, ocean in light grey, and bedrock in
dark grey. Circle areas are proportional to dynamic mass gain (blue) or

loss (red).

KAN, Eqip Sermia (EQI) and JAK) while terminus positions of
the thickening glaciers (KAS, STR and AVA) have remained stable
(Supplementary Table 2). JAK alone accounts for more than 81%
of the total mass loss in the study region; however, we are unable
to quantify JAK’s full mass loss due to the limited spatial extent of
the available DEMs. UMI, SIL and KAN account for 84% of the
remaining regional mass loss.

Kinematic wave theory

Our observations show that glacier thinning is greatest at glacier
termini and decreases with distance up-glacier from the terminus
until, where observable within the spatial extents of the DEMs,
it reaches zero at some location along the centreline. This is
consistent with the hypothesis that terminus retreat perturbs the
force balance, causing thinning to propagate up-glacier'>". The
propagation of thinning along a glacier’s length can be modelled as
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Figure 2 | Centreline profile of Kangilernata Sermia (KAN). a, Elevations
relative to the WGS-84 ellipsoid for 1985 (blue) and present-day (red)
glacier surfaces and mass-conserving bed?® (black) along the glacier
centreline. b, Dynamic surface elevation change (black) with uncertainty
from standard error propagation (grey, Methods). Moving average within
window of 10 local ice thicknesses coloured by percentage of unit volume
loss. €, Péclet number (Pe) calculated from the 1985 surface (black) with Pe
running maximum (red). Shading reflects uncertainty (on the order of
+0.25 in this example) from standard error propagation (Methods).

a diffusive kinematic wave®" (Methods). The competition between
advection and diffusion of this wave, which reduce and enhance the
up-glacier translation of the thinning perturbation, respectively,
is given by the Péclet number (Pe, Methods). For relatively thick,
flat ice, Pe is low and diffusion dominates, allowing a thinning
perturbation to diffuse away from that location. Conversely,
where ice is relatively thin and steep, such as over rises in basal
topography, Pe is high because advection dominates and thinning
perturbations will advect down-glacier. Thus, by computing Pe
along a glacier centreline, we can empirically identify high Pe values
at locations beyond which, up-glacier, diffusive propagation of
terminus-initiated thinning will be limited.

To illustrate our approach, we compare Pe and observed elevation
change of KAN along the glacier’s centreline (Fig. 2). We perform
a moving average on the thinning, within a window with a width
ten times the local ice thickness, and calculate the cumulative av-
eraged thinning from the terminus to each centreline location. We
represent this as a percentage of total cumulative thinning observed
along the entire length of each glacier’s centreline, herein called
‘% unit volume loss’ (coloured line in Fig. 2b). For KAN, we find that
100% of unit volume loss has occurred down-glacier of a rise in the
bed at 35 km along the profile, where Pe reaches a maximum of 7.7
(Fig. 2¢). At this location, down-glacier advection of thinning dom-
inates, and terminus-initiated thinning cannot propagate up-glacier
beyond this point. Downstream Pe values of less than 2 have allowed
terminus-initiated thinning to diffuse up-glacier to this location.

Empirical threshold for inland thinning extent

We define ‘Pe running maxima’ as the locations along the centreline
where Pe locally exceeds any downstream value of Pe (red on
Fig. 2c). Pe running maxima are critical because once a thinning
perturbation propagates beyond alocal maximum in Pe and accesses
lower Pe values, the thinning will continue to propagate up-glacier
until it reaches yet higher Pe values. This effect is apparent for
11 West GrIS glaciers that have thinned at their termini (Fig. 3a);
JAK is excluded because of incomplete DEM coverage. We find
that 94% of the median unit volume loss (interquartile range of
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93%-100%) occurs down-glacier of a Pe running maximum of
3. Pe running maxima of less than 3 can still be important by
impeding the up-glacier propagation of thinning. This can be seen
along the centreline of Lille Gletsjer (LIL), where a Pe running
maximum of 1.8 near 4 km restricts 50% of the unit volume loss to
this lowest reach, while more moderate thinning extends to 14 km,
where Pe reaches 8.5 (Supplementary Fig. 11). Similarly, Pe running
maxima of <3 and 2.2 are found close to the termini of KSS and
PRD (Supplementary Figs 6 and 7), respectively, which buffer the
thinning up-glacier of these locations from the stronger thinning
near their termini.

The evaluation of Pe requires a relationship between glacier
flow, ice thickness and surface slope. We test the robustness of our
results by implementing four relationships and find that, in general,
all formulations highlight the importance of the same geometric
features (Supplementary Figs 2-16). An empirical Pe threshold can
be identified for each formulation, beyond which dynamic thinning
is limited (Supplementary Fig. 17). All ice flow formulations lead us
to conclude that glacier geometry provides a dominant control on
the inland extent of thinning.

Although glacier thinning changes glacier geometry, and there-
fore Pe, we note that even for UMI, second only to JAK in observed
thinning at its terminus (>100 m), differences between the present-
day Pe and the 1985 Pe are not significant (Supplementary Fig. 18).
The locations of Pe =3 vary significantly along glacier centrelines
(from 6km at Kangerluarsuup Sermia (KSS) to 243km at JAK;
Fig. 3b). The distance to these threshold crossings explains the
spatial patterns of thinning within each catchment and provides an
explanation for the observed heterogeneity in mass loss within the
West GrIS region.

Our empirical threshold of Pe =3 can be used to judge the rela-
tive susceptibility of glacier catchments to future terminus-initiated
thinning. We expect 94% of mass loss to occur down-glacier of the
Pe =3 crossing, should terminus retreat occur, and for any glacier
catchment, the further inland that this threshold is met, the greater
the contribution to future sea-level rise will be. We expect similar
variability in glacier geometry for catchments around the GrIS,
which could lead to future heterogeneity in the dynamic response to
terminus-initiated thinning. However, because the volume of inland
thinning is correlated with the amount of terminus retreat, we note
that our analysis cannot predict the expected mass loss for a partic-
ular glacier without an understanding of the future evolution of its
terminus position. As an example, the Pe =3 crossing for Sermilik
(LIK) is second farthest inland in the study region; however, its
terminus currently sits in relatively shallow water compared to the
more deeply grounded glaciers (water depth at LIK shallows to 30 m
just 500 m behind the present-day terminus). Thus, future terminus-
driven perturbations at LIK are likely to be smaller than those at
glaciers with more deeply grounded termini.

The Péclet number can be used to identify the glacier catchments
where improved or long-term observations are needed most and
provide provisional estimates of inland thinning extent, while
numerical ice sheet models evolve to the point where catchment-
scale heterogeneity can be resolved. Additionally, numerical models
are only as good as the understanding that goes into building them,
and certain processes and boundary conditions (for example, basal
friction) may be inadequately represented. Our method circumvents
the need for a deeper, but often poorly constrained, process-based
understanding that is necessary for projection. The Péclet number
is also useful for interpretation of thinning by identifying whether
the dynamic response is due to terminus-initiated perturbations.
Thinning down-glacier of the location where the Pe first crosses
3 may have originated at the terminus, whereas any significant
thinning occurring up-glacier of that location is unlikely to have
originated from the terminus. The thinning we observe within
glacier catchments in West Greenland is currently dominated by a
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Figure 3 | Péclet number running maxima and percentage unit volume
loss. a, Percentage unit volume loss plotted against the running maximum
Pe for 11 dynamically thinning West Greenland outlet glaciers. Median
percentage unit volume loss within bins of width 1 Pe are calculated for each
glacier and black dots are medians of the glacier median values with error
bars representing the 25th and 75th percentiles of percentage unit volume
loss. b, Pe for 16 West Greenland outlet glaciers along their centrelines.
Locations where the Pe first exceeds 3 are marked for each glacier.

response to terminus perturbations, which implicates some manner
of ocean forcing. However, in the future, a different dynamic process
may be responsible for glacier changes, and the Péclet number will
help identify this.

Our study highlights significant spatial variability in the response
of 16 West Greenland outlet glaciers to recent climatic forcing.
This heterogeneity is explained by variations in local geometry
(ice thickness, bed and surface topography) that influence the
inland diffusion of thinning. Whereas previous authors have applied
kinematic wave theory to understand the time-dependent evolution
of glaciers”™*, we demonstrate that the Péclet number explains
spatially dependent dynamic changes. By applying the theory to a
suite of glaciers, we define an empirical limit to upstream thinning,
whether a glacier has retreated or not. Because the diffusion of
terminus-initiated thinning is projected to be a large source of future
contributions to sea-level rise for the GrIS (ref. 13), our approach
enables identification of those glacier catchments most susceptible
to future inland thinning and, thus, with the largest potential to
increase sea level. Similarly, we can also use the Péclet number
to identify those catchments with limited ability to dynamically
respond. In West Greenland, RNK, UMI, JAK and LIK have the
farthest inland Pe =3 crossings. At JAK, we anticipate that ongoing
dynamic thinning may eventually extend one third of the way across
the entire GrIS at the latitude of JAK. The future response of LIK
may be mitigated by the retreat of its terminus into shallow water.
However, UMI and RNK have large potential to contribute further
to future dynamic mass loss in the West Greenland region, and thus
we recommend continued monitoring there.
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Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
1985 DEM and uncertainty. The 1985 DEM was created from aerial photos'. Total
error in the 1985 DEM consists of two components: random error, herein called the
‘noise floor’ (€, ), and systematic error due to uncertainty in the positioning of the
camera. Systematic error is quantified by the mean errors on the heights predicted
by the photogrammetric model determined by the bundle block adjustment
(€punate)- Spatial variability of the bundle block adjustment errors is governed by the
location and geometry of the ground control; error will increase away from the
margin, where ground control points are concentrated, into the interior of the ice
sheet. The sum of the random noise and the systematic error components, in
quadrature, yields the total error for the DEM (€,). Total DEM error can be found
from differences in the DEM elevation and the elevation measured by airborne
laser altimetry over a stable surface such as bedrock. Airborne laser altimetry is an
appropriate control given that the uncertainty of the laser altimetry is an order of
magnitude lower than the uncertainty in the DEM (ref. 8). Here, we use laser
altimetry collected by NASA’s Airborne Topographic Mapper (ATM).

To find the noise floor of the DEM, we first found total error (€,,,) in the 1985
DEM by comparing DEM elevations at elevation measurements from laser
altimetry over stable bedrock surfaces with slopes less than 20° (ref. 19). This
yielded a mean value for total error (€,,,) across the extent of the 1985 DEM of
4.1 metres. Next, we created a surface of bundle block adjustment errors, using
linear interpolation based on Delaunay triangulation, and queried this error
surface at the same bedrock locations as the total errors, yielding a mean value for
bundle adjustment error (€;,,4.) of 2.3 m. The noise floor of the 1985 DEM was
calculated as the difference between the squares of the two components:

€toor = Coral — Coundi @
This yielded a value for the DEM noise floor (€g,,,) of 3.4 m and we assume the
noise floor to be constant across the spatial extent of the DEM.

Finally, to obtain the total DEM error, we add the noise floor and spatially
varying bundle block adjustment components, from the error surface,
in quadrature:

LR

2
€total — + €hundle (2)

This provides us with a continuous surface representing the total error on the 1985
DEM and we query this at locations along all glacier centrelines to obtain
uncertainties on the 1985 DEM elevations.

WorldView DEMs and uncertainty. We created 2012-2015 present-day DEMs
from WorldView imagery using the NASA AMES Stereo Pipeline (ASP) software
package”. Previous work has shown that WorldView DEMs over the Greenland ice
sheet have a vertical uncertainty of 5.22 m and may contain a systematic vertical
bias®®. To remove the bias, vertical differences between each WorldView DEM and
the 1985 DEM were found over bedrock, as defined by the GIMP surface mask™,
for slopes less than 20°, and the mean vertical offset was removed from each
WorldView DEM.

Dynamic mass change and glacier catchments. Assuming the ice sheet was in
balance from 1971 to 1988, we calculate the surface mass balance (SMB) anomaly
as the departure from the 1971 to 1988 mean using RACMO?2.3 model output,
statistically downscaled to 1km resolution®, assuming a constant ice density of
917kg m™?, an appropriate assumption for the ablation zone of the glacier
catchments where our analysis is focused. We plot the contour of where cumulative
SMB is zero, and observe that our DEM differences lie entirely in the region where
SMB is negative, indicative of the ablation zone (Supplementary Fig. 1). Modelled
SMB from RACMO2.3 is precipitation (solid and liquid) minus surface
sublimation, drifting snow erosion, and runoff. SMB anomaly is integrated
temporally from 1985 to the year of each WorldView DEM used in the study.
Dynamic surface elevation change was found by removing the elevation change due
to SMB anomaly from the total elevation change calculated from DEM differencing.

Glacier catchments were delineated using standard watershed analysis by
assuming that ice flows in the direction of the negative gradient of the ice surface.
The GIMP DEM was used as the ice surface, providing a continuous surface over
the entire ice sheet and allowing us to delineate the full catchment extents from the
ice sheet margin to the ice divide.

Kinematic waves. To obtain the diffusive kinematic wave equation, the
one-dimensional mass continuity equation is linearized about a datum

state to obtain an advection-diffusion equation for ice thickness perturbations.
The advection-diffusion equation for thickness perturbations can be

expressed as:
oH, . 090G, aD,\ 0H, 0’H,
= —H = |G- +D, (3)
ax / ox dx?

1

ar ' ox

where llz‘ is the SMB anomaly; the coefficients C, = (dg/dH), and Dy = (dg/da),;
q is ice flux, H is ice thickness, « is the surface slope and x is the along-flow
direction up-glacier from the terminus. The subscript ‘1’ represents perturbation
quantities and ‘0’ represents the datum state. See Supplementary Information for a
complete derivation of the kinematic wave equation.

By removing the thickness change due to SMB anomaly, b, from the total
observed surface elevation change, we investigate how glacier dynamics alone
control glacier elevation changes. The second term, (9C,/dx)H,, modulates the
timing of local thickness change by introducing an over-damped component to the
response which exponentially decays with time?'. This response acts independently
of nearby thickness perturbations. In contrast, the third and fourth (advective and
diffusive) terms depend on the first and second spatial derivatives of the thickness
perturbation, and thus depend on adjacent thickness changes. These two terms
govern the along-flow propagation of H, and are the focus of our study. Previous
studies have used a similar framework to study changes of tidewater glaciers in
both Greenland and Alaska™?".

Thus, the spatial evolution of the thinning perturbation is governed by the
advective and diffusive terms in equation (3) (third and fourth terms on the
right-hand side). A thinning perturbation of some finite length will simultaneously
advect and diffuse in both directions along-flow at rates governed by the glacier’s
geometry. We are interested in whether a thinning perturbation, extending from
the terminus to an up-glacier location with length [, will advect down-glacier and
be replenished by thicker ice from up-glacier or continue to diffuse up-glacier,
beyond the location x = 1. The relative rates of advection, or wave speed, and
diffusion is given by the Péclet number (Pe), a non-dimensional ratio of the
coefficient of advection, (C, — dD,/dx), to the coefficient of diffusion,

D, (ref. 29):

(Co—Dy/x),

D, 4

Pe=
where [ is the length of the thinning perturbation (Methods). The values of
Cy, D, and 9D, /9x are given by the dependence of local ice flux on surface slope,
«, and ice thickness, H,, respectively (equations (14)-(19) in Supplementary
Information). For the rapidly flowing trunks of the outlet glaciers in our
region of interest, we assume that ice flow is dominated by basal sliding and
we use several commonly used relationships between ice flux, thickness and slope
(commonly referred to as ‘sliding laws’) to evaluate the Péclet
number (Methods).

The relationship described by the sliding laws (equations (12) and (13) in
Supplementary Information) assume a balance between the driving stress and the
basal shear stress, and ignores membrane stresses. Therefore, prior to calculating
Pe, we perform a moving average of the bed and surface topography over a length
of ten times the local ice thickness, a typical longitudinal coupling length for
fast-flowing ice®. At each point along the centreline, «, and H, are calculated using
the smoothed 1985 DEM and the smoothed mass-conserving bed®, representing
the pre-thinning geometry, and the length, I, is the distance from the terminus to
the local point.

All sliding laws are valid only where surface slope is positive and we do not
calculate the Péclet number where slope is less than or equal to zero. Basal water
pressure in the effective pressure sliding law formulation is set to ice overburden
pressure. The effective pressure law is invalid where the glacier approaches
flotation, and we do not calculate the Péclet number where the difference between
ice thickness and water pressure (in ice thickness equivalent) is less than or equal
to 75m.

Uncertainty. Uncertainties in the mass-conserving bed solution, the 1985 DEM
and the WorldView DEMs are propagated through the moving averaging, through
the analytic expressions for C,, D, and dD,/dx (equations (14)-(19) in
Supplementary Information), through equation (4), and through the calculation
for % unit volume loss. The procedure for creating the mass-conserving bed
solution produces errors at each grid cell”. This yielded uncertainties in the

Pe values, shown in grey shading on Fig. 2 and Supplementary Figs 2-16 in
Supplementary Information.

Pe running maxima and unit volume loss. We define ‘Pe running maxima’ as the
locations along the centreline where Pe locally exceeds any downstream value of Pe
(red on Fig. 2c). Percentage unit volume loss is defined as the cumulative thinning
from the terminus to each centreline location, as a percentage of total cumulative
thinning observed along the entire length of each glacier’s centreline (coloured
curve on Fig. 2b). We binned values of percentage unit volume into windows of
width Pe=1 and calculated the median, 25th and 75th percentiles. We do not
propagate uncertainties in percentage unit volume loss and running Pe maxima
through these statistics calculations because uncertainties in the statistics are more
sensitive to the scatter of values from all glaciers than the uncertainties in the
individual values themselves.
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Code availability. The code for the Péclet number calculation along glacier
flowlines is available from the corresponding author upon request. The NASA
AMES Stereo Pipeline, used to create DEMs from WorldView stereo imagery, is
available for download at https://ti.arc.nasa.gov/tech/asr/intelligent-robotics/
ngt/stereo.

Data availability. The 1985 DEM is available at http://dx.doi.org/10.7289/
V56Q1V72. The mass-conserving bed is available at http://dx.doi.org/10.5067/
AD7BOHQNS]J29. Present-day WorldView DEMs are available from the author
upon request; however, some of the WorldView DEM:s are also available through
the ArcticDEM project at the Polar Geospatial Center at http://pgc.umn.edu/
arcticdem. Downscaled 1 km RACMO?2.3 surface mass balance data are available
from B. Noél (b.p.y.noel@uu.nl) and M. van den Broeke (m.r.vandenbroeke@uu.nl)
upon request.
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