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In the past two decades, mass loss from the Greenland ice sheet has accelerated, partly due to the
speedup of glaciers. However, uncertainty in speed derived from satellite products hampers the
detection of inland changes. In-situ measurements using stake surveys or GPS have lower
uncertainties. To detect inland changes, we repeated in-situ measurements of ice-sheet surface
velocities at 11 historical locations first measured in 1959, located upstream of Jakobshavn Isbrae,
west Greenland. Here, we show ice velocities have increased by 5-15% across all deep inland sites.
Several sites show a northward deflection of 3-4.5° in their flow azimuth. The recent appearance of a

network of large transverse surface crevasses, bisecting historical overland traverse routes, may
indicate a fundamental shift in local ice dynamics. We suggest that creep instability —a coincident
warming and softening of near-bed ice layers—may explain recent acceleration and rotation, in the

absence of an appreciable change in local driving stress.

Understanding the form and flow of the Greenland Ice Sheet today is critical
for simulating the future evolution of the ice sheet as climate changes. Today’s
ice-sheet form and flow, however, are underlain by the ice sheet’s response to
past climate perturbations on decadal, centennial, and even millennial time-
scales. As there are very few high-quality ice velocity and elevation mea-
surements available prior to the advent of GPS technology (Global Posi-
tioning System), there are very few constraints on multi-decadal trends in ice-
sheet form and flow'”. In a review of 13 mass-balance assessments of the
Greenland ice sheet, Colgan et al. highlight that virtually all recent assess-
ments assume no ice dynamic changes within the high-elevation ice-sheet
interior". Additionally, studies have shown that satellite-derived velocities
have challenges detecting summer acceleration above an ice elevation of 1250
in Central West Greenland, due to poor signal-to-noise ratio™’.

The Greenland ice sheet is currently in a state of decline’’. Mass is lost
through processes relating either to surface mass balance or ice dynamics’.
Warming ocean and air temperatures destabilize the ice sheet, resulting in
enhanced surface melt and run-off® and ice discharge from marine-
terminating glaciers as they speed up and thin'"'"”. These fast-flowing regions
at the fringes of the ice sheet, also known as outlet glaciers, transport ice from
the slow-moving interior to the ocean, providing a fast coupling between the
ocean and the inland ice".

As the fastest-flowing ice stream in Greenland, Jakobshavn Isbree, or
Sermeq Kujalleg, has been studied extensively. In 1997, Jakobshavn Isbrae’s
floating ice tongue began to disintegrate. This is believed to have been
instigated by increased melt from higher ocean temperatures'. Rapid cal-
ving front retreat, acceleration, and thinning were triggered in response to
this disintegration'*™"”. By 2004, the floating tongue had almost completely
disintegrated, yet acceleration and thinning continued. Many other marine-
terminating outlet glaciers, such as Nioghalvfjerdsfjorden, Zachariae
Isstrom (northeast Greenland), and Helheim (southeast Greenland), are
presently undergoing similar dynamic changes™”. It is, therefore, crucial to
explore and discern the internal driving mechanisms sustaining this
enhanced dynamic mass loss, in order to fully capture the contribution of
the Greenland ice sheet to future sea-level changes'**"*.

In the 1950s and 1960s, the French Expédition Glaciologique Inter-
nationale Groenland (EGIG) undertook a number of overland ice-sheet
traverses in Central West Greenland, in the vicinity of the ice-stream
Jakobshavn Isbree. These traverses included multi-year theodolite cam-
paigns to measure ice-sheet elevation, velocity, and azimuth along inland
transects. These hard-fought, and high-quality, in situ measurements now
provide a singularly unique baseline against which to compare con-
temporary analogous measurements. During the 1990s, the NASA Program
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for Arctic Regional Climate Assessment (PARCA) also measured velocity
and azimuth values, now using GPS, along the 2000 m elevation contour”.
Two of these PARCA sites overlap with our EGIG area of interest and are
therefore included in this resurvey.

We reanalyze and resurvey a selection of EGIG and PARCA mea-
surements, Fig. 1, and find non-trivial multi-decadal trends in ice-sheet flow
have been occurring in recent decades. This highlights that recent pertur-
bations in ice flow have propagated at least 100 km inland from the ice
margin, well outside the main channel of fast flow. This challenges the
notion of stable interior ice flow.

Results
Historical survey
The first EGIG campaign deposited and surveyed stakes along an east-west
transect spanning the entirety of the Greenland ice sheet, as well as a shorter
north-south transect. The stake positions were recorded in 1959 and re-
measured during a subsequent campaign in 1967. Stakes along the longer
east-west transect are labeled as T and a number starting with 1, whereas the
numbers along the north-south transect begin at 100. An independent
German expedition surveyed a subset of the stakes once more in 1991*.
Here, we use ice flow velocities and azimuth values calculated based on the
recorded change in position for the period 1959-1967".

A reanalysis of these historical observations was performed with the
goal of reproducing the reported velocity and azimuth values at each site
while propagating estimated uncertainties. Also, this ensured that the
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Fig. 1 | Overview of the study region. a The blue box indicates the general location
of the study region. b Close-up of the study region, white circles show the location of
the EGIG (prefix 'T') and PARCA (prefix 'cd’) sites included in the study. Of these,
black annuli plotted on top indicate sites where a GPS station was installed for this
study. Stars indicate sites from the original EGIG survey not included in this study.
Sites are plotted on top of surface ice flow velocities* and Sentinel-2 multispectral

chosen calculation methods that would be used for the subsequent modern
resurvey produced values directly comparable with the historical values. The
reanalysis was done for 14 of the EGIG stakes located closest to the outlet of
Jakobshavn Isbree. Our inter-survey comparison requires all historical
positions to be with respect to the same reference ellipsoid. However, at the
time of the earliest measurements, the WGS84 reference ellipsoid had not
yet been created. Consequently, the 1959-1967 locations had to be con-
verted from the Hayford ellipsoid. A more detailed explanation of this can be
found in supplementary S1. For a description of the velocity and azimuth
value calculations see the method section “Historical velocity and azimuth”.

Both the recalculated velocity and azimuth values were compared with
the original reported values, see Supplementary Fig. S2. The recalculated
velocity and azimuth values were taken as the mean values from a Monte-
Carlo simulation, see Supplementary Fig. S3. All historically reported
velocity and azimuth values were successfully reproduced with the excep-
tion of T1. There were inconsistencies with the reported position of T1 in the
original EGIG reports. While we have resurveyed T1, it seems reasonable to
exclude its historical values from this comparison on this basis.

Modern resurvey

In 2020-2022, a subset of the original 1959 EGIG positions located closest to
the outlet of Jakobshavn Isbree was resurveyed, together with 2 of the
PARCA sites, see Fig. 1. The chosen EGIG sites are T1-T5, T127a,
T127-T129, and the PARCA sites are cd08 and cd38. In total 11 GPS
receivers were deployed, spanning a region of ~ 1800 km”. Supplementary
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satellite imagery, 10 m resolution from 2019%. Also plotted are delineated drainage
basins™, surface elevation contours™, the low accumulation percolation area"', and
slush limits for the years 2012, 2019, and 2021*. The map is displayed in the
projection coordinate system EPSG:3413 with easting and northing coordinates
given in meters. This plot was created using QGreenland™.
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Table 1 | Observations overview

Site At [Days] o] vimyr] d[m] dx [m] dy [m] Approximate period in time

T 9.4 245.7 £1 142.2 +0.36 3.6 -34 -1.3 Sept. 2021

T2 80.2 247.3 1 120.5+0.07 26.5 -24.9 -8.9 May-Aug. 2022

T3 2411 246.8 £1 120.0 £ 0.04 79.3 -74.3 -27.8 Jul-Oct. 2020 & Mar. 2021

T4 89.1 245.7 £1 112.5+0.04 27.4 -25.5 -10.2 Jun-Sept. 2022

T5 414.9 2459 +1 103.4 £ 0.06 117.6 -109.1 -43.8 Jul-Oct. 2020 & Apr-Sept. 2021
T127 382.9 2449 +1 116.3 £0.02 121.9 -112.4 -47.2 May-Sept. 2021 & Mar-Jun. 2022
T127a 35.6 243.7 1 121.9+0.07 11.9 -10.9 -4.8 Jul-Aug. 2020

T128 309.8 243.3+1 144.9 +0.03 122.9 -111.8 -51.1 Jul-Nov. 2020 & Mar-May 2021
T129 3.6 246.0+1 147.0+1.97 1.5 -1.4 -0.5 Oct. 2020

cd38 372.8 251.4 1 132.8 +0.04 135.6 -129.9 -39.0 May-Sept. 2021 & Apr-Jun. 2022
cd08 292.4 243.6+1 112.8+0.10 90.3 -82.2 -37.4 Jun-Sept. 2021 & Mar-Apr. 2022

Derived velocity (v) and azimuth («) values, along with estimated uncertainties. Also shown are the total observation period (At), the total observed horizontal movement (d) of each station, the respective

components, dx and dy, and the approximate period at which observations were made.

Fig. $4 shows the station set-up. At each site, horizontal velocity and azi-
muth values were derived from changes in observed position over time, see
section “GPS Velocity and Azimuth” under Methods and Supplementary
Figs. S5-S7 Due to logistical difficulties, the observation period at each of the
11 stations ranges from a few days to > 400 days, with all stations together
covering a total time span of 3 years. Of the resurveyed sites, 6 have a
coverage period > 100 days, these include T3, T5, T127, T128, cd38, and
¢d08. The remaining 5 sites have a coverage period < 100 days, see Table 1.
The logistical difficulties also mean that records are not continuous. Posi-
tions were logged at a 30 s sampling rate. Both the un-processed and pro-
cessed RINEX files (see “Methods” section) are available at the GEUS
dataverse https://doi.org/10.22008/FK2/EP6P40.

The new points of observation are located as close as possible to the
original 1959 points of observation. This, however, results in a greater dis-
tance between the new observations and the advected stake positions from
the 1967-1991 survey. Comparisons over horizontal distances of > 1 ice
thickness can introduce spatial gradients in the ice velocity or azimuth’.
However, it is assumed that if the new and historic points lie within a
distance < 1 ice thickness it is reasonable to compare the velocities. The ice
thickness at each observation point was estimated from the BedMachine ice

thickness map™, see Fig. 2. Following this rationale, the 1967-1991 velocities
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Fig. 2 | Overview of modern and historically observed positions. Gray circles have
aradius of the ice thickness at each specific point™. Black points show the resurveyed
positions. Blue, green, and orange points show the recorded positions from the EGIG
campaigns”"**. The red points show positions from the PARCA campaign™. Position
uncertainties are plotted but they are too small to clearly appear on the figure.

cannot be compared to the new velocities. This also shows that PARCA cd38
is not sufficiently close to EGIG site T130, which was not part of the
2020-2022 GPS survey, to reasonably make an additional EGIG/PARCA
inter-comparison.

We calculated velocities and azimuths from the change in logged
position, see the “Methods” section for further description. Table 1 shows
the magnitude of the calculated velocity and azimuth values for the full
period of observation at each of the 11 sites. The resurveyed velocities and
azimuths can be seen plotted against previously observed values in Fig. 3.
We observe a considerable increase in velocity across all 11 stations, ranging
between 6-19 myr~' (blue markers Supplementary Fig. S8a), correspond-
ing to a percentage change of 5.5-14.6% (red markers Supplementary
Fig. S8a). The sites furthest inland show the smallest percentage increase in
velocity; 5.4% at cd08 and 8.3% at T5. The largest increase in velocity over
the observation period is found at station T129 with an increase of 14.6%
(closely followed by T128 and cd38). Although stations T129 and cd38 are
comparable in velocity increase magnitude, the observation period of cd38 is
approximately half of the T129 observation period (~30 years vs. ~60
years). This suggests that the majority of regional velocity perturbation has
occurred during the post-1995 PARCA period. The observed increase in
velocity mainly occurred in the easting direction, with ice flowing faster
towards the west, though slight changes in the northern component were
also observed, with most of the sites showing less negative southward flow
(Supplementary Table S1).

We observed consistent increases in azimuth, ranging between 3-4.5°,
at all 8 resurveyed EGIG sites, see Fig. 3b and Supplementary Fig. S8b). This
increase is well beyond the limit of uncertainty. No statistically significant
change in azimuth values was observed at the two PARCA survey sites cd08
and cd38. The change was within the uncertainty range between the two
periods of observation, with azimuth values decreasing by less than 0.5°.
Therefore, no conclusions are drawn about long-term azimuth shifts at cd38
and cd08.

Ice thinning

We used altimetry data to assess changes in ice geometry, as a proxy for
changes in driving stress. This data originated from a number of campaigns,
covering overlapping portions of the 1995-2020 period. This data was
compiled and processed into an annual rate of change of surface elevation by
two studies, for the period 1995-2011, and for the period 2011-2020""*". The
cumulative change in surface elevation in meters of ice equivalent over the
available period (1995-2020) was calculated across the Greenland Ice Sheet.
Figure 4a shows marginal thinning and slight thickening in the central
region. The cumulative change in surface elevation from 1995 to selected
points in time, is shown along a flow-line cutting through the observation
sites of the east-west transect, and plotted against surface elevation using a
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Fig. 3 | Comparison of modern resurveyed findings with historically reported values. Velocity (a) and azimuth (b) at each site for each period of observation; 1959-1967
(EGIG), 1993-1995(PARCA), 2020-2022 (this study). Vertical bars denote associated uncertainties calculated here.
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Fig. 4 | Knickpoint Migration. a Total cumulative surface elevation change from
1995-2020 altimetry data’”*. Plotted on top is the flow-line cutting through the
EGIG sites T1-T5, the location of PARCA sites ¢d08, cd38, cd87, estimated
knickpoint locations for 2005 and 2019, Jakobshavn Isbre front positions for 1998

z [m] above WGS84

and 2012, and two circles representing estimates of inland thinning limit"*. The
depicted flow-line approximates the northern boundary of the catchment of
Jakobshavn Isbree. b Total surface elevation change along the flow-line through
EGIG points (black) against surface elevation®.

Digital Elevation Model (DEM), reflecting the 2018/2019 ice geometry *’,
see Fig. 4b.

The surface elevation is insignificantly thickening at EGIG sites T1-T5
in the first 10-year period (1995-2005), after which, appreciable thinning is
observed. The EGIG sites T1-T5 show considerable thinning of ~ 3-8 m in
the 25-year period. The altimetry data shows a regional steepening of the
surface slope over time, as the ice thins. We define the knickpoint as the
point at which the ice surface switches from a relatively stable flat surface toa
steeper gradient. With this definition, the knickpoint appears to have
migrated far inland ( > 100km) over the 15-year period after 2005, meaning
that the cross-section of the ice sheet is becoming steeper in response to
climate change™.

The propagation of a dynamic thinning signal along a glacier has
previously been modeled as a diffusive kinematic wave'**'~**. We therefore
view the position of the knickpoint as an indication of the arrival of a
kinematic wave and estimate the wave speed. Felikson et al.”* utilized
kinematic wave theory and analyzed Péclet numbers to predict an empirical
inland upper bound, in which thinning from the front can propagate for
individual catchments. At Jakobshavn Isbre they determined the upper
limit to be further inland than our observation sites. The kinematic wave has
been shown to move very fast near the terminus of Jakobshavn Isbree but is

assumed to slow down as it travels inland™. The surface profiles seem to
indicate the arrival of a kinematic wave at our observation sites for the first
time around 2005 (Fig. 4b), although, we cannot be sure that this is a
thinning signal that has traveled directly from the front of Jakobshavn Isbrze.

The knickpoint at our study site has moved ~ 82.2 km in the 14 years
between 2005 and 2019, yielding a local kinematic wave speed of
5.9km yr . Considering a potential offset in the arrival time of the kine-
matic wave of + 5 years yields high/low kinematic wave-speed estimates of
9.1 and 4.5 km yr" respectively. The wave speed of seasonal signals, likely
related to the increased availability of melt-water, has been observed in
alpine glaciers, finding lower-end speeds of ~ 18-26 km yr™" and upper-end
speeds of ~ 58-91 km yr ', which are considerably faster than our kinematic
wave estimates’’. These alpine kinematic waves, however, are basal sliding
anomalies propagating down-glacier. We suspect that the up-glacier kine-
matic wave we observed results from ice deformation as described below.
This may also explain the discrepancy in wave propagation speed.

It is worth noting that, although some EGIG sites appear to be outside
the catchment area of Jakobshavn Isbrze in Fig. 1, the glaciological com-
munity does not presently agree on the catchments precise shape and size.
Several Greenland ice sheet catchment boundary products exist, using
various methods and input data. For example, Zwally and Giovinetto”,
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Mouginot et al.”’, Mankoff et al.”, and Krieger and Floricioiu™. The
catchment area of outlet glaciers of NEGIS has been found to vary up to 16%
in area, using one method but various input data alone®. The consistent
change in both azimuth and velocities across the EGIG sites suggest that the
sites are located inside the catchment of Jakobshavn Isbree.

Discussion

Increasing velocity

The surface velocity of the ice sheet results from three components: internal
deformation of the ice, sliding of the ice over the bed, and deformation of the
bed itself *°. Various possible drivers, relating to either water or stresses,
could cause an increase in one or more of these three components, resulting
in an increased surface velocity.

Changes in basal sliding and sediment deformation due to changes in
basal melt-water availability are unlikely to occur directly beneath our study
sites. The surveyed sites are located more than 100 km from the front of
Jakobshavn Isbrz, north of the main ice stream. This area is in the low
accumulation, percolation zone'', and above the melt-water runoff limit,
here approximated by the slush limit*”. The slush limit is the uppermost
visible summer appearance of water-saturated snow". As can be seen from
Fig. 1, there was approximately ~ 10 km between T1 and the 2019 max-
imum slush limit and ~40km to the 2021 maximum slush limit. We
interpret the continued absence of an active supraglacial hydrology system
to suggest there has been no recent change in basal hydrology associated
with basal sliding and sediment deformation. These processes, however,
could be happening at steady rates at our sites. The cumulative number of
Positive Degree Days (PDD) for 2021-2023 were evaluated for the closest
Greenland Climate Network (GC-NET) Automatic Weather station,
Crawford Point***. Crawford Point is located midway between EGIG sites
T6 and T7. The final number of cumulative PDD was between 12 and
14 days. By comparison, 40-120 PDD were required per melt season to
initiate seasonal enhancements in basal sliding at Swiss Camp in the late
1990s*. See Supplement Fig. S9.

Seasonality in the observed velocities was also assessed. Normalized
daily velocity estimates for all 11 sites were divided into summer days and
non-summer days. Differences in the mean of the two groups were exam-
ined using an unpaired two-tailed t-test with 1% significance, for four dif-
ferent summer periods, see Supplement Fig. S10. In all four cases the null
hypothesis, that the means of the two populations are the same, cannot be
rejected. There is no statistical difference between the mean of the two
groups. We, therefore, conclude that no seasonal signal was detected at the
observation sites between 2020 and 2022. Supplement Fig. S10 shows the
specific statistical values for each of the four tested cases.

Assuming our observed changes in ice-sheet velocity have occurred
since ¢. 2005 when the knickpoint of the kinematic wave arrived in our study
region, they are equivalent to ice-flow accelerations of ~ 3.9-10% per dec-
ade. Doyle et al.” (subsequently referred to as DS14) attributed in situ
measurements of a similar inland ice-sheet acceleration equivalent to ~ 7%
per decade, at site S10 in Southwest Greenland, to changes in basal sliding,
not directly at S10 but further downstream, transmitted upstream to S10
through longitudinal stress-gradient coupling. Their attribution, however,
was supported by a distinct seasonal velocity cycle, with summer velocities
up to ~ 8% greater than winter velocities. They also find that an increase in
mean winter velocity cannot be attributed to enhanced summer melt,
suggesting a “longer-term change in sub-glacial hydrothermal regime""”.
While both S10 and our sites share some general similarities, being located
between 50-70 km inland from the equilibrium line and between 1800-2000
m elevation in West Greenland, the absence of a distinct seasonal velocity
cycle and supraglacial hydrology system at our sites does not provide the
same justification for attributing our observed acceleration to basal sliding.

To further support this point, we evaluate whether longitudinal cou-
pling stresses from enhanced sliding could have a large enough effect to
explain our observed ice flow accelerations. The depth-averaged long-
itudinal coupling stresses were calculated along a flow-line close to T4,
following the formulation presented in Van der Veen'*". The total driving

stress is the sum of the gravitational driving stress determined by the ice
geometry, which in this case is assumed "fixed’, and the longitudinal cou-
pling stress, dependent on along-flow gradients in basal sliding and ice
thickness. It was found that under the assumption of no sliding, the long-
itudinal coupling stress has a magnitude of only 6% of the gravitational
driving stress. A basal sliding perturbation of ~ 10 m yr ™ introduced 1 km
downstream of T4 was necessary to produce a 10% increase in the total
driving stress through coupling stresses alone, see Supplement Fig. S11. This
means it would require an along-flow strain rate of 0.01 yr " to produce the
observed acceleration at T4. This, however, is much larger than the observed
change in strain rate between T3 and T4 of A¢,, = 8.2 - 10~ yr . Therefore,
we believe longitudinal coupling from enhanced sliding alone cannot be
responsible for the observed acceleration.

Williams et al.” (subsequently referred to as WS21) also did not detect
any seasonality in the velocities of PARCA sites near Jakobshavn Isbrz.
Their study compared NASA’s ITS-LIVE satellite-derived velocities with
GPS observations from selected PARCA sites. This includes site cd38, also
resurveyed in this study, and the additional site cd87, which are located in
the main fast-flowing region, see Fig. 4. They found an acceleration at these
two sites corresponding to a decadal rate of change of ~ 4.3% and 9.6%,
respectively. Reanalyzing the WS21 data, we find double the increase in
velocity at cd38, i.e., a decadal rate of change of 8.54%. WS21 attributes this
acceleration to increased internal deformational velocity, as they find suf-
ficient change in local ice geometry to produce a change in driving stress
large enough to account for the observed speedup.

Similar to WS21, we explore the theoretical effect of changes in glacier
geometry on driving stress and ice deformation®. Using the simplifying
assumption that ice deforms purely from simple shear, the surface velocity
u, can be expressed as the sum of the basal motion u;, and the velocity due to
the shear deformation:

2A
U, = Uy + n—_l_l(PgH sin S)nH (1)

Here, p is the ice density, H is the thickness of the ice column, Sis the surface
slope, n is the creep exponent, A the rate factor, and g is the gravitational
acceleration. Using the common assumption of n = 3, the surface velocity is
proportional to H' and (sin S)°. We create a sensitivity plot by assuming a
relative change of + 3% in the ice thickness, §H, and + 9% in the surface
slope 68, and no basal motion u;, = 0, see Fig. 5a—j. Generally, increasing the
ice thickness will cause the ice to speed up, and so will the steepening of the
ice surface slope.

We use the altimetry data to infer the ice thickness at the observation
sites in 1995, by subtracting the total cumulative change in surface elevation
from the 2018/2019 DEM. This allows us to assess changes in ice thickness
6H and surface slope 85, and compare observed and expected velocity
changes. The surface slope was calculated over three different length scales
in order to estimate an upper and a lower bound on the contribution of
changing geometry. The shortest length scale of 2 ice thicknesses (2H)
corresponds to a distance of ~ 7 km, and the longest length scale of + 15 ice
thicknesses (15H) corresponds to ~ 54 km, see Supplementary Fig. S12.
Assuming no changes in surface processes, such as mass balance and firn
stratigraphy, the ice thickness was found to have thinned 2.6-8.2 m from
1995-2020 across the observation sites, corresponding to a 0.1-0.4% change
in the ice column height.

The shorter the length scale over which surface slopes are calculated the
more local variability the slope reflects, see Fig. 5a—j. The longest length scale,
15H, showed consistent steepening of the surface slope across all sites. The
5H length scale showed either steepening or close to no change in the surface
slope, across all sites but T127. The 2H length scale showed much more
variability, with the two sites T127 and T127a showing noticeable flattening
of the surface while the remaining sites more closely follow the 5H and 15H
surface slope changes. With the exception of site T2 and cd38, all sites show
an insufficient increase in surface slope to overcome the decrease in thick-
ness, for all three length scales. This means changes in local driving stress
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percentage change in surface velocity from the change in driving stress for each
length scale plotted against the observed percentage change in velocity. The three
cases of surface velocity change for each specific site are connected through a
black line.

alone, associated with changes in ice geometry, cannot fully explain the
acceleration we observe. Figure 5k shows a scatter plot of the observed and
theoretical velocity changes. Here, the majority of the points lie well above
the x = y line for most of the points. Looking at points cd38 and T2 speci-
fically in Fig. 5k we see that the calculated surface slope is subjected to more
local variability in the ice geometry over the shortest length scale.

In contrast to WS21, we find ice geometry changes insufficient to
explain the observed ice flow acceleration. This discrepancy could arise
from, the difference in present-day geometry data used between the studies,
the difference in cumulative surface elevation change data, or the chosen
length scale to calculate the surface slope over. Both studies have examined
site cd38, we find double the increase in velocity compared to WS21. This
further points to the importance of in situ measurements when compared
with historic observations.

Although longitudinal stress gradients are known to modify defor-
mational ice flow, the longitudinal coupling length for ice sheets is theore-
tically 4-10 ice thickness®'. With an ice thickness of ~ 1800 m in the middle
of our study region, this corresponds to a coupling length of 7-18 km. This
distance is much smaller than the region over which velocities are observed
to increase. Longitudinal coupling is therefore assumed to be insufficient in
importing an external velocity perturbation into our study region.

It is generally agreed that the disintegration of the floating tongue,
initiated in 1997, caused an initial speed-up of Jakobshavn Isbrae'*'"*.
However, studies have shown that it is unlikely that the full speed-up can be

attributed to the immediate change in force balance resulting from the loss
of the floating ice tongue. Additional mechanisms are required to further
sustain and propagate the enhanced velocity and thinning inland'®'"*>.
Possible candidates have been put forward including weakening of the shear
margins'®”, loss of buttressing, inland steepening of slopes, and thinning-
induced changes in the effective pressure™*'****. Despite these efforts, the
mechanism(s) remain a point of contention. We introduce creep instability
as another possible mechanism below.

Shifting azimuth

The increase in azimuths means that there has been a northward deflection
of the ice flow since the historical measurements. The PARCA study did not
describe their method for calculating their reported azimuth values. Dif-
ferent methods of calculating azimuth values, for example, spherical or
cartesian approaches, could result in an offset in values. Unlike the EGIG
sites, we cannot check the azimuths of the PARCA sites by recalculation
following equation (2), due to lack of information. Additionally, the PARCA
measurements may differ from the EGIG measurements as they were made
at a time when Jakobshavn Isbre has been shown to be thickening and
slowing down'**.

A potential influence on the observed change in azimuths is the
appearance of crevasses in the time between surveys. We now observe large
transverse crevasses, ~25 m wide, both open and snow-bridged, in various
crevasse fields within our study area (Fig. 6). The presence of these crevasse
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Fig. 6 | New crevasses disrupting continuous fluid mechanics. a Sentinel-2 visible
image (band 4) acquired on 13 September 2018. Open and closed crevasses have
been delineated within our study region. The inset shows a mix of open and closed

crevasses at T131 at the native pixel resolution of 10 by 10 m. b Oblique aerial photo
acquired 15 June 2022 showing a partially snow-bridged linear transverse crevasse
approximately 25 m wide in the vicinity of T128.

fields is relevant when interpreting ice-flow azimuth measurements, as the
surface stress fields in the vicinity of large crevasses can deviate substantially
from regional averages. This local reorganization of the surface stress field
around crevasses, which is associated with a transition from fluid mechanics
to fracture mechanics, is known to be linked to the mode of crevasse
opening, but otherwise poorly understood in terms of magnitude or spatial
extent™. If the length scale over which crevasse fracture mechanics influence
ice-flow azimuth is assumed to be limited to one ice thickness, then crevasse
fracture processes should not influence ice-flow azimuth at all our mea-
surement sites””.

The crevasses that bisect the EGIG overland route in the vicinity of
T131 must have formed sometime after the final 1967 EGIG traverse along
that route. We speculate that the opening of this crevasse field is possi-
bly associated with the arrival of the kinematic wave knickpoint in our study
area. The recent appearance of major crevasses, however, qualitatively
suggests that a fundamental shift in ice dynamics may now be underway in
our study area. This also highlights a sharp contrast between the ice dynamic
setting of our study area and the S10 site of DS14. While our study area is
located inland from a fast tidewater glacier capable of initiating kinematic
waves, S10 is located inland from a land-terminating ice margin. Conse-
quently, the ice velocities at S10 are ~ 2-3 times less than our sites. Although
DS14 suggests no nearby crevasses or moulins were present at S10 to allow
surface melt to locally access the bed, crevasses have since been reported in
the region of S10™.

It is possible that the crevasses were present, but snow-covered, at the
time of the EGIG expeditions and have since been uncovered. If that is the
case, it might point to changing material properties of the snow and firn
cover, due to the higher amount of re-frozen ice lenses, for example™*. If the
firn has become thinner and more brittle in recent decades, it may no longer
bridge such large crevasses.

Observed surface flow azimuth generally reflects a combination of
the basal sliding direction, governed by the local bedrock topography and
the sub-glacial hydrological system, and the direction of flow from

internal deformation, governed by the regional surface slope of the ice.
Zwally et al.* noticed a distinct temporary change in ice flow azimuth
during the maximum seasonal acceleration of the ice at Swiss Camp, and
speculated that it could be indicative of a change in basal friction, and by
extension a change in the ratio between basal sliding and internal
deformation. The in situ alpine glacier study by Engelhardt et al.”,
reported deviations between surface flow direction and basal sliding
direction of up to 30°. At lower elevations with Jakobshavn’s ablation
zone, despite substantial basal sliding, vertical variations in ice-flow
azimuth have still been observed. There, in boreholes upstream of
Issunguata Sermia, the upper portion of the ice column generally deforms
along the surface slope, while the lowest portion of the ice column
deforms along the bedrock slope”’. Gundestrup and Hansen® studied the
variation in azimuth with depth in a borehole drilled at DYE-3. They
found azimuth fluctuating + 15° around an average value throughout
most of the column, with jumps in the average azimuth value relating to
changes in ice properties and the softness of the ice closer to the
bed. Despite this difference in ice properties, the near-bed and surface
azimuths aligned, as the majority of ice deformation occurs near the
bed. In the context of our current study, this means that changes in near-
bed deformation could potentially manifest as changes in the surface
azimuth.

Creep instability

Consolidating this information, we propose that a limited form of creep
instability is affecting basal conditions at inland sites, far away from the
terminus region, acting to enhance the velocity and shift the azimuth at our
surveyed sites™. The creep instability is assumed to be restricted to the lower
15-20% of the ice column, where the majority of ice deformation occurs.
This mechanism was originally presented by Clarke et al.”* as a possible
runaway increase of internal temperature and deformation rate of the ice,
eventually leading to the formation of a temperate layer. We do not believe
that such a temperate layer could develop from the diffusion of geothermal
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heat or changes to vertical velocity associated with changes in the surface
mass balance. Rather it is assumed that the temperate layer would grow from
a locally sourced mechanism, such as enhanced deformational heating or
basal friction. Perhaps, dynamic thinning at the front can potentially
instigate creep instability further inland, because of the dependence between
effective ice viscosity, temperature, and deformational velocity. Small
increases in deformation rate warm basal ice through strain heating, which
in turn makes the basal ice softer and flow faster under the same driving
stress and cause more strain heating®.

To support this theory a simple case study is presented here, examining
the required change in temperate layer height at site T4 needed to produce a
10% increase in the surface velocity. At present, no observed ice temperature
profile exists at our observation sites®. Borehole temperature observations
from other areas of Jakobshavn Isbree with differing ice-flow regimes show a
thin temperate layer in the marginal slow-flowing regions”, a 31 m thick
temperate basal layer at drill site D approximately 50 km upstream from the
calving front and adjacent to the fast channelized flow*, and a thick tem-
perate layer of ice, several hundreds of meters thick have been extrapolated
at the center of the fast-flowing ice stream®. However, the height of the
center-line temperate layer has since come into question’*””. A synthesis of
simulated basal thermal state suggests that a large part of the catchment of
Jakobshavn Isbrz is temperate, this includes beneath our study sites’”.

A best estimate temperature profile was extracted for site T4 from a
thermomechanical ice-sheet simulation of Aschwanden et al.”*”, Fig. 7a.
The velocity profiles were calculated under the same assumptions as
equation (1). When calculating the velocity profiles the ice was softened by
an enhancement factor of E=2.5" such that the surface velocity of the
theoretical profile matched the observed surface velocity at T4 from 1959/
1967 of 103 m yr . The initial temperature profile showed a temperate basal
layer of 26 m, corresponding to 1.4% of the 1882 m ice thickness. Although
this initial temperate layer height seems reasonable considering the observed
temperate layer thicknesses, the layer is likely too thin as using the relatively
smooth BedMachine topography map in thermomechanical ice flow
simulations produces a significantly thinner temperate ice layer, without
sharp spatial gradients, than simulations using higher-roughness geosta-
tistically simulated bed topography””. This further suggests that the example
we here depict for one site might not be characteristic of all the surveyed
EGIG sites, because there can be sharp spatial gradients in temperate layer
thickness. To explore the sensitivity between near-bed effective ice viscosity
and surface velocities, the height of the basal temperate layer was changed
manually. Raising the height of the basal temperate layer just ~ 18 m, was

enough to see an increase in surface velocity of ~ 9.2% from 103.9 m yr ™ to
113.2 m yr, similar in magnitude to the observed change at T4. This simple
case study shows the potential effect of a relatively small increase in the basal
temperate layer from 1.4% to 2.3% of the ice column, on the surface velocity.

Ultimately, creep instability could cause the inland migration, in both
extent and thickness, of the temperate layer observed in Jakobshavn Isbrae’s
catchment®. Clarke et al. suggest that ice at the boundary between frozen
and thawed beds, where large longitudinal stresses are present, may be more
susceptible to creep instability than uniformly thawed or frozen bedded ice.
They expect that large longitudinal stresses are present in this boundary
region, and speculate that the stress level in the confining cold ice will
increase as more basal ice reaches the melting point. This may cause the
basal temperature to increase to the melting point, the boundary region
consequently migrating. Therefore, we speculate that the observed ice flow
acceleration could be a physical manifestation that the temperate layer is
now expanding in area throughout the Jakobshavn Isbree catchment in
response to a positive creep instability feedback between ice temperature,
effective ice viscosity, and deformation. Perhaps counter intuitively, creep
instability activates during times of ice sheet decay, drawdown, and
thinning’®. It potentially triggers a change in effective ice viscosity in the
lower layer of the ice column from the rapid drawdown and acceleration,
which in turn can influence surface azimuths. A softening of the near-bed
layer can change the vertical strain profile of the ice column, which can
potentially influence the azimuth when ice flow is not isoazimuthal with
depth®. Near-bed changes in the azimuth can also result from the transient
redistribution of driving stress from basal slippery to basal sticky areas,
associated with changes in the extent and thickness of the temperate layer”*.
The appearance of major crevasses in the study region supports the con-
jecture that a fundamental shift in ice dynamics may be underway.

Conclusion
By comparing historic and newly acquired in situ velocity observations, we
find accelerating ice flow > 100km inland from the terminus, in the catch-
ment of Jakobshavn Isbre, outside the main fast-flowing channel. Although
our observations cover a period of 60 years, these changes likely began less
than 25 years ago at the terminus, and have since propagated up-glacier.
Previous studies™ also found surface velocity increases of comparable
size at similar inland sites. DS14 found an increase of 7% per decade at S10,
WS21 found 4.3-9.6% per decade at Jakobshavn, and this study found
3.9-10% per decade north of Jakobshavn Isbrae. However, we all attribute
this increase to different mechanisms. DS14 finds clear indications of
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changes in the sub-glacial hydrological system, postulating enhanced basal
sliding, from increased surface melt further downstream transmitted
upstream through longitudinal coupling stresses. This mechanism does not
appear to be a driving force at our observation sites. WS21 finds that local
geometric changes can explain the increase in surface velocity. We find,
however, that changes in ice geometry are insufficient to explain the increase
in surface velocity. We instead suggest a limited form of creep instability as
an additional mechanism potentially aiding the inland propagation of
enhanced ice flow. Softened near-bed effective ice viscosity can potentially
explain coincident acceleration and rotation at our study sites. No studies
have previously documented inland rotations.

As the east-west EGIG transect closely approximates the northern
boundary of the Jakobshavn Isbree ice-sheet catchment, a consistently
shifting ice-flow direction there may have implications for the Jakobshavn
Isbrae catchment area. Specifically, it appears that Jakobshavn Isbree’s
catchment area may now be changing, deep inland, in response to the recent
collapse of its floating tongue. From altimetry data, we find a local kinematic
wave-speed inland of EGIG sites T1-T5 in the range 4.3-9.1 km yr ™', with
the best estimate of 5.9 km yr ™. In comparison to estimated kinematic wave
speeds for alpine glaciers, this is very slow. This highlights that the kinematic
wave, likely initiated ~ 25 years ago, continues to propagate inland today.

A deep inland ice acceleration has recently been observed in response
to terminus perturbation at the North East Greenland Ice Stream™. Our
observations now demonstrate deep inland ice acceleration in response to
terminus perturbation at Jakobshavn Isbree. Unlike the North East Green-
land Ice Stream, however, our current observations highlight a deep inland
acceleration occurring well outside any form of channelized ice flow. This
suggests that the deep ice-sheet interior may actually be more sensitive to
changes in ice flow than previously recognized. Specifically, a dynamic
perturbation of Jakobshavn’s terminus, initiated c. 25 years ago, now
appears to be influencing non-channelized ice-sheet flow c. 100 km inland
from the terminus.

More broadly, this work highlights the value of in situ GPS obser-
vations in resolving trends in ice velocity that are not otherwise detectable
in remotely sensed ice velocities. Because of the sparsity of GPS surface
velocity observations, the PARCA observations from the 1990s have been
used as proxies for current-day velocities in some types of studies*””. Our
results show a considerable divergence in observed velocities at PARCA
sites cd08 and cd38 between the time of the PARCA campaign and today.
Continuing the use of the PARCA observations as proxies for current-day
velocities will be consequential for high-elevation input-output mass
budget studies, that use an inland flux gate across which ice discharge is
assumed constant’. Similarly, gravity studies that explicitly assume a
covariance matrix to separate high and low-elevation mass trends™, should
consider the potential influence of non-trivial trends in high-elevation
ice flow.

Methods

Historical velocity and azimuth

Recalculating the azimuth value, «, resulting from the reported change in
position of each stake, was done using spherical trigonometry following®":

COS(¢59) sin(Ag; — Asg) ) )
c0s(¢¢;) sin(Psg) — sin(¢y;) cos(Psy) cos(Ag; — Asg)

o = arctan(

Here, ¢ are the latitudes and A the longitudes of each respective stake.
Before recalculating the velocity values, the observed positions were
converted from longitude and latitude to projected coordinates, using the
polar stereographic projection EPSG:3413. Velocity values were then
simply calculated from the change in the reported observed position over
time:

. \/(’%7 - x59)2 + (e — )’59)2 3)

t67 - t59

Here x and y represent the projected coordinates, and ¢ is the time; the
subscripts indicate the given year.

The original EGIG survey did not report uncertainty estimates for
calculated velocity and azimuth values. Therefore, a Monte-Carlo
simulation was used to estimate uncertainties for the recalculated velo-
city and azimuth values. The observed positions were randomly per-
turbed 1e6 times, by a distance within an assumed uncertainty of + 11 m
from the original 1959 and 1967 coordinates drawn from a uniform
probability distribution (cf. supplementary section S2, Figure S3).
Although the theodolite method used during the early EGIG campaigns
accumulates uncertainties from the margin to the center of the ice sheet, a
constant positional uncertainty (of+11m) is assumed in the study
region. This half-range value was chosen based on previously reported
positional uncertainties. While some contemporaneous ice-sheet expe-
ditions reported surveyed theodolite positions to the nearest + 0.1'%, the
EGIG solved theodolite positions to the nearest + 0.01">. This approx-
imates a theoretical EGIG positional uncertainty of + 1 m, even across the
central flow divide. Here, we conservatively assume an effective posi-
tional uncertainty of + 10 m for the more marginal EGIG positions in
which we are interested. An additional + 1 m was included assuming the
ellipsoid transformation might cause some slight shift in positions. The
uncertainty of each calculated velocity value, &v, is taken as half the
difference between the upper and the lower limit of the 95% confidence
interval:

% %
Sy = Clzgpﬂ ; CIlgoswer (4)

GPS stations

We perform an in situ to in situ comparison of velocities. Supplementary
Fig. S13 highlights the difficulties in comparing satellite-derived velocities
with historic in situ velocity measurements; the noise in the satellite data is
larger than the potential change between historic and current-day velocity
values. We therefore chose to re-measure velocities using GPS rather than
satellite observations.

Receivers and antennas were mounted on an aluminum scaffold, two
meters above the snow surface. These GPS stations combine commercially
available Javad GPS antennae and receivers with a custom-built 2800 mA
battery bank powered by a 20 W solar panel, built by the Geological Survey
of Denmark and Greenland (GEUS). The station set-up is shown in Sup-
plementary Fig. S4.

We process the GPS data using the GIPSY-OASIS software package
with kinematic data processing methods as described by ref. 20 and
ref. 83. We use orbit and clock products of the Jet Propulsion Laboratory
(JPL). JPL final orbit products, including satellite orbits and clock
parameters, and Earth orientation parameters, including antenna phase
center offset correction. The atmospheric delay parameters are modeled
using the Vienna Mapping Function 1 (VMF1) with VMF1 grid
nominals®. We use amplitudes and phases of the main ocean tidal
loading terms, calculated using the Automatic Loading Provider (http://
holt.oso.chalmers.se/loading/), which are applied to the FES2014b ocean
tide model including correction for the center of mass motion of the
Earth owing to the ocean tides. The coordinates are computed in the
EPSG:3413 frame.

GPS velocity and azimuth

The observed easting and northing velocity components were deter-
mined for each site, as the gradient of the line of best fit of the position-
time plot. Figures of the position-time plots, and a more detailed
description of outlier removal, can be found in supplementary results.
Supplementary table S1 shows the determined easting and northing
velocity components. The full magnitude of the velocity at each site was
then calculated from simple trigonometry based on the easting
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and northing components. The uncertainty of the velocity components,
Vune Was calculated as the product of the fractional uncertainty and

the velocity
\ () +o(r;,))?
P A )

unc — " Vsite
dsite

Here, the first term is the fractional uncertainty, where the numerator is the
positional uncertainty given by o(r; ) and o(r; ), the standard deviation of all
the residuals for the x- and y-component respectively, and the denominator,
dgite> is the total distance moved over the observation period for each
respective stake. vy is the derived velocity magnitude of each respective
stake for the entire observation period.

The azimuths are again calculated following equation (2). The present-
day GPS-derived azimuth uncertainty is set to + 1° for all sites. This value is
based on how azimuth uncertainty was estimated in a similar GPS pro-
cessing method during our contemporaneous study of much slower-flowing
ice at Camp Century °. The mean positional uncertainty for all 11 sites is
0.0204 m, while the mean velocity uncertainty for all 11 sites
is+0.2545myr .

We also looked into the effect of tectonic plate movement on the
observed velocities. Using the online tool Plate Motion Calculator (https://
www.unavco.org/software/geodetic-utilities/plate-motion-calculator/plate-
motion-calculator.html) and plate-motion model ITRF2014%, the plate
velocity components at each of the 11 observation sites, were found to have a
magnitude ranging between 13-16 mm yr . Since the plate velocity is four
orders of magnitude smaller than the ice velocities, it was decided not to
correct for this movement.

Data availability
Both processed and un-processed GPS data are available from the GEUS
Dataverse https://doi.org/10.22008/FK2/EP6P40.
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