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Over the past two decades, ice loss from the Greenland ice sheet (GrIS) has increased
owing to enhanced surface melting and ice discharge to the ocean'>. Whether
continuingincreased ice loss will accelerate further, and by how much, remains
contentious® . A main contributor to future ice loss is the Northeast Greenland Ice

Stream (NEGIS), Greenland’s largest basin and a prominent feature of fast-flowingice
that reaches the interior of the GrIS'®*2, Owing to its topographic setting, this sector is
vulnerable to rapid retreat, leading to unstable conditions similar to those in the
marine-based setting of ice streams in Antarctica®?°. Here we show that extensive
speed-up and thinning triggered by frontal changes in 2012 have already propagated
more than 200 kminland. We use unique global navigation satellite system (GNSS)
observations, combined with surface elevation changes and surface speeds obtained
from satellite data, to select the correct basal conditions to be used inice flow
numerical models, which we then use for future simulations. Our model results
indicate that this marine-based sector alone will contribute 13.5-15.5 mm sea-level rise
by 2100 (equivalent to the contribution of the entire ice sheet over the past 50 years)
and will cause precipitous changes in the coming century. This study shows that
measurements of subtle changes in the ice speed and elevationinland help to
constrain numerical models of the future mass balance and higher-end projections
show better agreement with observations.

The NEGIS drains about12% of the interior GrlS through two fast-flowing
marine-terminating outlet glaciers: Nioghalvfjerdsfjord Gletscher
(NG) and Zachariae Isstrgm (ZI1)'°>2"2* (Fig. 1). This region holds a
1.1-m sea-level-rise equivalent and is characterized by an exceptional
fast-flowing main trunk (which is about 600 km long and 30-50 km
wide) that connects the deep interior of the ice sheet to lower-lying
marine-terminating outlet glaciers (Fig. 1). Understanding the coupling
ofthe flow speed between the upper and lower sectors of the NEGIS is
crucial for reliable projections of its contribution to global sea-level
rise. Although previous studies showed that satellite interferometry
canprovide highly detailed ice-sheet-wide velocity maps (Fig. 1a), the
detection of a potential acceleration in the ice flow has been limited
to marginal areas'®". Here we quantify acceleration and thinningin
thedeepersection ofthe NEGIS (>100 kminland) and show that these
measurements are crucial for future simulations because they can
better constrain the basal conditions.

Over the past decade, the NEGIS has been rapidly speeding up, but
the uncertainty of the flow speeds obtained from satellite interferom-
etry has hampered the detection of ice flow acceleration more than
100 km upstream of the terminus'®"*%, To detect how far the ice
flow acceleration has propagated upstream, we use GNSS data'>*?
and recent improved Sentinel-1ice velocity products®. We use GNSS
datafromthreestations located between 90 and 190 kminland; these

stations recorded data from 2016 to 2019. The GNSS receivers were
installed on the glacier in a configuration that followed the centre of
the main trunk. Owing to deep crevasses, NEG3 was installed 10 km
south-east of the main trunk. We use these GNSS stations to validate
ice flow accelerations from Sentinel-1data. We then use Sentinel-1flow
accelerations combined with satellite altimetry to fine-tune our ice
flow model toimprove the response of the upstream sector to changes
atthe terminus.

Observations of change from 2007 to 2022

To estimate the ice flow speed, we estimate the positions of the GNSS
sites using the GIPSY-OASIS software package®. We calculate the posi-
tionof the GNSSreceivers at15-sintervals and derive mean daily veloci-
ties for eachsite by fitting atrend to the position estimates using east,
north and up coordinates (Extended Data Fig. 2 and Methods). GNSS
time series have error sources that produce temporal correlations. To
take this temporally correlated (non-Gaussian) noise into account, we
use the daily solutions for each station and estimate the monthly mean
icespeed and associated standard deviation (Fig. 2a-c). We correct for
changesinspeed related to the GNSS station moving downhill. Al GNSS
stations show an accelerationinthe surface speed, suggesting a propa-
gation of the flow acceleration more than 190 kminland. At NEG3, we
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Fig.1|Icespeed and locationnames. a, Map of ice speedin2007. The dashed
blackline denotes the combined Zland NG drainage area. The blue box denotes
theareashowninc.b, Photo of the NEG2 station setup, which consists of an
antenna, receiver (in the orange box) and solar panel (on top of the box) (source
and permission: Shfagat Abbas Khan). All are situated ona platformabout2 m

observe aflowacceleration of4.9 + 0.3 m year. At NEG2, the observed
accelerationis 4.5+ 0.3 myear?anditis 2.7+ 0.2 m yearat NEGI.

To map the flow acceleration over the entire NEGIS, we use the ice
speed from mosaics based on ESA Sentinel-1 SAR offset tracking®.
The ice velocity maps cover the entire NEGIS and were derived from
the intensity tracking of ESA Sentinel-1 data with a 12-day repeat; the
operational interferometric post processing chain was applied for the
analysis®. Although most studies estimate the acceleration from differ-
ences between two speed mosaics, here we use a different approach.
We use all available speed mosaics (provided on a grid with a spatial
resolution of 500 m) to create a time series of the speed for each grid
point. We then remove outliers and fit a trend to each grid point to
estimate the flow acceleration (Extended Data Fig. 3 and Methods).
This approach suggests that the flow acceleration propagated more
than 200 kminland from 2016 to 2022 (Fig. 2d) and is fully consistent
with high-precision GNSS-derived accelerations (Fig. 2a-c).

The speed-up of the NEGIS triggered by the gradual retreat of ZI's
terminus (Extended Data Fig. 1 and Methods) is also responsible for
dynamic thinning®*. We use satellite and airborne altimetry data to
detect changes in the ice surface elevation along the main trunk. We
estimate annual elevation change rates over the ice surface from
April 2011 to April 2021 using radar altimetry data from ESA’s Earth
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abovetheicesurface.c,ALandsat-8image from 2017 isused as the
background. The colour denotes the satellite-derived surface speed. The
locations of GNSS stations, NEG1, NEG2 and NEG3, are marked by yellow
squares. Thethick yellow curve denotes the grounding line. Theimage was
prepared using MATLAB R2021a software.

Explorer CryoSat-2 mission®. To better resolve elevation changes
alongtheice-sheet margin, we use laser altimetry observations from
NASA'’s Operation IceBridge Airborne Topographic Mapper (ATM)
flights from April 2011 to April 2019 (ref. *?) and Ice, Cloud, and Land
Elevation Satellite-2 (ICESat-2) data from October 2018 to April 2021
(refs.****). We find a thinning of more than 30 m from 2011 to 2021 near
the ZI calving front (Fig. 3j). The entire lower portion of ZI (between O
and 50 kminland) thinned between 8 and 35 m over the past decade
(Fig. 3k). Between 100 and 200 km upstream along the main trunk,
the NEGIS thinned between 2 and 3 m from 2011 to 2021. Thinning
istraced up to 250 km inland and the pattern of thinning suggests
alarge amount of thinning along the main trunk of the NEGIS. The
neighbouring glacier, NG, likewise shows considerable thinning of
5-15 m near the grounding line.

Numericalice flow model

Todetermine whether the observed changes are captured by numerical
models, we use a high-resolution ice flow model® to simulate changes
inthe NEGIS from 2007 to 2017 (Methods). The model from Choi et al.®
used aBudd friction law (linear viscous) and captured the observedice
speed changes and elevation changes, but only in the lower region of
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Fig.2|Observed and modelled accelerationsinicespeed. Timeseries of
daily solutions ofice speed at NEG3 (a), NEG2 (b) and NEG1 (c). The red error
bars denote the mean monthly speed and associated root-mean-square error.
Theblackline denotes the best-fitting trend. The mean flow accelerations in
myearfrom GNSS data (GNSS) and from mosaics based on ESA Sentinel-1SAR
offsettracking (SAT) are listed for each site.d, Map of the observed ice flow
accelerationfrom 2016 t02022. e, Map of modelled ice flow acceleration in
myear2from 2016 to 2021 using NorESM1, RCP4.5 and regularized Coulomb
friction law. f, Modelled ice flow using Budd friction law (linear viscous).

the NEGIS close to theice margin. This basal friction parameterization,
however, does not capture the observed accelerationin the flow speed
deep inland that was detected by satellite data (Fig. 2d,f). We tested
several other friction laws (such as Budd with different velocity expo-
nents®, regularized Coulomb?, Schoof*”, Weertman?®) while forcing
theice-front retreat based on observed terminus positions. We found
thatthe friction laws that are almost plastic are able to reproduce deep
inland acceleration and thinning with remarkably good agreement
(Fig.2d,e), aswellasreproducing the observed massloss from2011to
2021 (Fig.4). The plasticbed conditions are consistent with the results
from previous studies®, which may be due to bed roughness or the
presence of sediments underlying outlet glaciers*.
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g,Modelled ice flow using Budd friction law with a friction coefficient of 1/3.

h, Modelledice flow using Budd friction law with a friction coefficient of 1/6.

i, Modelledice flow using Schoof frictionlaw.j, Modelled ice flow using
Weertman friction law withafriction coefficient of 1/3. Map of modelled ice
flow acceleration in m year?using NorESM1, RCP4.5 and regularized Coulomb
friction law for the periods 2020-2040 (k), 2040-2060 (I),2060-2080 (m) and
2080-2100 (n). Colour bar: red denotes acceleration and blue denotes
slowdown. Theimage was prepared using MATLAB R2021asoftware.

Implications for future evolution of NEGIS

We then use these numerical ice flow models for forecast simulations,
using forcings similar to those used in ref. s but with the ‘nearly plastic’
frictionlaws that achieved a substantially better fit during the hindcast
period. Although the deformation of subglacial sediments* and the
subglacial hydrology system* could potentially change basal con-
ditions in the future, here we assume that the friction coefficient is
constantin time for all simulations. We force the ice flow model using
surface mass balance (SMB, the net balance between the processes of
accumulation and ablation) anomalies from MAR (Regional Atmos-
phere Model)*®.
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Fig.3|Thinning of NEGIS based onairborne and satellite altimetry.
Thinning of theice (April to April) during 2011-2012 (a), 2011-2013 (b), 2011-2014
(c),2011-2015 (d), 2011-2016 (e), 2011-2017 (f), 2011-2018 (g), 2011-2019 (h),
2011-2020 (i) and 2011-2021 (j). The white line denotes the mainice flow line.
k, Thinning along the flow line from April 2011 to April 2021.1, Mean observed

We model changes in the SMB and ocean forcing until 2100 using
the output from three general circulation models (GCMs), MIROCS,
CanESM2 and NorESML, from the Coupled Model Intercomparison Pro-
jectPhase 5 (CMIPS), based on Representative Concentration Pathway
4.5 (RCP4.5) and RCP8.5 scenarios, respectively***, The MAR simula-
tions are carried out with a fixed ice surface elevation and, therefore,
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thinning rate from 2011to 2021. Mean modelled thinning rate during 2011-2021
(m),2020-2050 (n) and 2050-2100 (0). The model used NorESM1, RCP4.5 and
theregularized Coulomb friction law. The image was prepared using MATLAB
R2021asoftware.

weapplyacorrection for the SMB anomalies using the gradient method
to account for the elevation-SMB feedback.

The flow model results show anincrease in thinning rates from 2021
t02050, and they indicate that widespread thinning will migrate further
into the interior of the NEGIS. From 2050 to 2100, the thinning rate
continues to increase and spreads farther inland. The entire region
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up to 250 kminland, an area of more than 20,000 km?, experiences
athinning rate of 2-4 m year™ (Fig. 30), which was only observed at
the frontal portions of Zl and NG during the past decade (Fig. 3i). The
model suggests achange in the flow pattern of NG and ZI (Fig. 2e,k-m).
NG will change its flow direction and flow directly into the outlet of ZI
(Fig. 2k-m).

The cumulative basin-wide ice mass losses for various GCMs and
nearly plastic friction laws, under RCP4.5 and RCP8.5, are shown in
Fig.4. Thedifferences between the model elevation, ice speed and mass
loss for the three GCMs (MIROCS, CanESM2 and NorESM1) are relatively
small. The choice of friction law, onthe other hand, hasagreaterimpact
on our results than the choice of GCM. All ice flow model simulations
lead to a collapse of the frontal portion of ZI, up to 30 km upstream,
with notable dynamic thinning reaching the interior of the GrlS. These
new insights inice flow model simulations have important implications
for the contribution of the NEGIS to sea-level rise. The projection of
cumulative mass loss using the Budd friction law (linear viscous) has
asea-level equivalent of 1.5t0 3.3 mm by 2100 (ref. 8). According to our
new ice flow models, whichare able to reproduce deep-inland observed
accelerations and thinning, the mass loss increases by a factor of 5 to
between13.5and 15.5 mm (Table1).

Conclusions

After being almost stable from the late 1970s to the early 2000s, ZI
entered aphase of retreataround 2004. During the 2000s, ZI continued
to retreat. A notable change occurred in 2012, when the ice shelf col-
lapsed and the ice flow accelerated. The continuously warmer air and
ocean temperatures combined with adownward-sloping marine-based
bed haveled to destabilization that has continued throughout the 2010s

inred onthe map of Greenland. The observed mass change is based on
airborne and satellite altimetry. Theimage was prepared using MATLAB
R2021asoftware.

into 2021. Our model simulations, constrained by observations over the
entirelength of theglaciers, suggest that widespread thinning and flow
speed-up will continue throughout this century at an accelerated rate.

Our study shows that ice flow accelerations in the interior of an ice
sheet (>100 km inland) obtained from in situ GNSS observations or
satellite data greatly improve the predictive skills of models used to

Table 1| Modelled sea-level rise

Friction law RCP GCM SLR (mm)
Budd?® 4.5 MIROC5 2.0
Budd?® 4.5 CanESM2 1.5
Budd?® 4.5 NorESM1 1.8
Budd?® 8.5 MIROC5 2.8
Budd?® 8.5 CanESM2 3.3
Budd?® 8.5 NorESM1 1.9
Regularized Coulomb 4.5 MIROC5 13.5
Regularized Coulomb 4.5 CanESM2 137
Regularized Coulomb 45 NorESM1 13.5
Regularized Coulomb 8.5 MIROC5 14.9
Regularized Coulomb 8.5 CanESM2 15.4
Regularized Coulomb 8.5 NorESM1 15.5
Budd with coefficient of 1/5 4.5 NorESM1 13.2
Budd with coefficient of 1/5 8.5 NorESM1 13.4
Budd with coefficient of 1/6 4.5 NorESM1 14.4
Budd with coefficient of 1/6 8.5 NorESM1 14.6

Contribution to sea-level rise (SLR) in mm by 2100 for different models.
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project future sea-level rise. The use of GNSS observations and satel-
lite data to detect inland flow accelerations could be crucial for other
large glacier systems, such as Pine Island Glacier or Thwaites Glacier
in Antarctica8, which have shown substantial changes in the flow
speed and thinning near their margins in recent decades***. Further-
more, farther south in Greenland, another substantial marine basin
has also started to disintegrate. JakobshavnIsbrae (JI) drains 6% of the
GrilSdrainage area and contributed 4.2 + 0.5 mmto sea-level rise from
1875 to 2012 (ref. *%). The glacier retreated more than 40 km, with a
large collapse of the floating tongue in 2000 (ref. *). Similar to ZI, J1is
retreating along a negative bed slope (a bed that deepens inland)***°.
Recent model projections for Jl have been calibrated using observations
from the lower sectors®**°, We posit that these projections could be
underestimations. Takingintoaccount the propagation of inland thin-
ning more completely in the simulations would increase the estimated
future contributions of Greenland and Antarctica to sea-level rise and
would markedly reduce uncertainty in future sea-level-rise estimates.
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Methods

Calving front positions

We map the positions of the calving fronts of Zland NG using aerial and
Landsat 5-8 optical satelliteimagery>-*? from 2000 to 2021 (Extended
DataFig.1).For ZI, the most notable changes occurred between 2011 and
2013, when a large portion of its floating extension collapsed, result-
ing in a retreat of 10 km (ref. %). This collapse has been followed by a
steady retreat of about 700 m year™. NG lost large sections of its floating
tongue from 2002 to 2004; after this, calving events of the main float-
ing tongue have been less frequent. However, in 2020, the northern
section of NG completely collapsed, releasing more than 120 km? of
floating shelfice into the ocean (Extended Data Fig. 1).

GNSS data processing

We process the GNSS data using the GIPSY-OASIS software package
with high-precision kinematic data processing methods?” and with
ambiguity resolution using the orbit and clock products of the Jet Pro-
pulsion Laboratory (JPL). We use GIPSY-OASIS version 6.4, which was
developed at the JPL*. We use JPL final orbit products, which include
satellite orbits, satellite clock parameters and Earth orientation param-
eters. The orbit products take the satellite antenna phase centre offsets
into account. The atmospheric delay parameters are modelled using
the Vienna Mapping Function 1 (VMF1) with VMF1 grid nominals®*.
Corrections are applied toremove the solid Earth tide and ocean tidal
loading. The amplitudes and phases of the main ocean tidal loading
terms are calculated using the Automatic Loading Provider (http://
holt.oso.chalmers.se/loading/), whichis applied to the FES2014b ocean
tide model including correction for the centre of mass motion of the
Earth owing to the ocean tides. The site coordinates are computed in
thelGS14 frame®. We convert the Cartesian coordinates at 15-sintervals
intolocalup, northand east coordinates for each GNSS site monitored
atthe NEGIS surface. Anexample of a15-s solutionis shownin Extended
DataFig.2a-c.

GNSS-derived surface speeds and their uncertainties

We use the 15-s solution to estimate daily solutions of the ice surface
speed (blue dots, Extended Data Fig. 2d-f). The time series have been
screened for outliers. To remove outliers, we fit and remove a trend
to each time series of speed, latitude and longitude. We estimate the
mean of detrended speed, latitude and longitude and define outliers
as values greater than three standard deviations from the mean. For
NEGI1, weremoved in total eight data points or (8/387 = 0.02) 2% of data.
For NEG2, we removed in total four data points or (4/195 = 0.02) 2% of
data and 0% for NEG3. We use daily solutions of the ice surface speed
(screened for outliers) to estimate the monthly meanice speed (red
error bars). We estimate the root-mean-square of each monthly mean
to assign uncertainties. The black lines denote the trends (using least
square adjustment) that best fit the observed ice speeds and represent
mean flow accelerations from 2016 t0 2019 of 2.7 + 0.2 m year 2at NEGI,
4.5+ 0.3 myear2atNEG2and 4.9 + 0.3 m year>at NEG3 (corrected for
downhill acceleration).

Surface speed and acceleration from mosaics based on ESA
Sentinel-1SAR offset tracking

We derive ice speeds from mosaics based on ESA Sentinel-1 SAR off-
set tracking obtained from https://dataverseOl.geus.dk/dataverse/
Ice_velocity. The ice velocity maps of the NEGIS are derived from the
intensity tracking of the ESA Sentinel-1 data with a 12-day repeat; the
operational interferometric post-processing chain is applied for the
analysis®. We use all available speed mosaics (provided on agrid with
a spatial resolution of 500 m) and associated standard deviation of
the underlying shift maps generated by the offset tracking to create a
time series of speed for each grid point (Extended Data Fig. 3b—-d). We
thenremove outliers. Toremove outliers, we fitand remove a trend to

each timeseries of speed and estimate the mean. We define outliers as
values greater than three standard deviations from the mean. For each
grid point, we remove from 0 to 1.5% of data correspondingto O to 3
data points. Next, we use the screened time series at each grid point
and fit a trend that represents the flow acceleration (the black line in
Extended DataFig.3b,c). For eachgrid point, we use the least-squares
fit to estimate the acceleration and associated uncertainty. Extended
DataFig.3ashows themeanacceleration from2016 t0 2022 inm year™
at each grid point. The uncertainty is + 0.7 m year2.

Downhill correction for GNSS

We use mosaics based on ESA Sentinel-1to estimate the downhill cor-
rection of the flow acceleration at GNSS stations. We estimate the time
seriesof theice speed at two pixelsonavelocity mapona0.5 x 0.5-km
grid. Pixel 1is located at the GNSS starting position (when the station
was deployed) and pixel 2 is located at the GNSS end-point position.
The difference between the two time series is used to estimate the
downhill correction for the flow acceleration. The uncertainty level
in Extended Data Fig. 3a is +0.7 m year 2. However, two pixels close to
eachother (suchas1,000 mapart) experience almost the same noise.
Thus, when estimating the difference between two neighbouring time
series, the noise is reduced to +0.3 m year™. To estimate the downbhill
correction of the flow acceleration, we fit a trend to the time series of
the differences between two pixels.

Our corrections of the flow acceleration, which compensate
for the downhill movement of the GNSS stations, are as follows:
0.06 + 0.18 myear? at NEGI, 0.14 + 0.29 m year? at NEG2 and
0.12+0.30 myear2at NEG3.

Elevation changes from CryoSat-2

To estimate elevation changes over the ice surface, we use aregular
gridwitharesolution of 500 x 500 mthat covers the NEGIS. We denote
the centre of each grid pointas C(x,, y,). For each grid point, we select
CryoSat-2 data with coordinates P(x;, y;), with a maximum distance of
1,000 m from C. The CryoSat-2 data points with coordinates P(x; y,)
have anelevation h;measured attime ¢,. The index i denotes the ith data
point. We use all available CryoSat-2 data measured between July 2010
andJuly 2021 to create surface elevation time series at each grid point
C. Previous studies have used a third-order polynomial equation to
describe changes in the elevation and a third-order polynomial equa-
tion to describe the shape of the surface***>”. However, to describe
surface changes over 10 years, we fit a polynomial with a degree of 7
to describe changes in the elevation and we use a third-order polyno-
mial equation to describe the shape of the surface. In addition, we fit
aseasonal term to account for the annual surface changes. For each
grid point with acentre C(x,, y,), we find the nearest data point within
1,000 mand fita seventh-order polynomial H(t)),.,,, a third-order sur-
face topography polynomial H,,,, and an annual term H(¢;) snnyar:

H(g) = H(ti)poly + Htopo +H()annual

Extended Data Fig. 4a shows all the grid points on the NEGIS where
we have successfully estimated the time series of H(¢).

Extended Data Fig. 4b,c shows two examples of elevation time series
H(t).Plisapoint closest to theice marginandislocated atabout 590 m
elevation. Extended Data Fig.4b shows CryoSat-2 elevations corrected
for the topography H,,,, (black error bars) and a combination of our
best-fitting seventh-order polynomial H(t),,,,, and the annual term
H(t) snnua (red curve). The annual term at this elevation has anamplitude
of 1.41+ 0.10 m. Extended Data Fig. 4d shows CryoSat-2 elevations
corrected for topography and the annual term (black error bars), and
our best-fitting seventh-order polynomial (red curve) for point P1.

Extended DataFig. 4c shows the same information as Extended Data
Fig.4bbutforthe point P2, whichislocated atabout1,078 m elevation.
Here the amplitude of the annual signal is 0.16 + 0.08 m.
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We use the best-fitting seventh-order polynomial (such as the red
curvein Extended DataFig. 4d,e) for each location shown in Extended
Data Fig. 4a to estimate the annual rates of elevation changes from
April to April, for example, from April 2011 to April 2012, from April
2012 to April 2013 etc.

Elevation changes from ICESat-2

We use ICESat-2 data from October 2018 to June 2021 and estimate
elevation changes over the ice surface®. We use the ICESat-2 Algorithm
Theoretical Basis Document for Land Ice Along-Track Height (ATLO6)
Release 004, which was retrieved from https://nsidc.org/data/atlO6
(ref.3®).

We estimate elevation changes using the same method described
in the previous section. However, to describe surface changes over
about 2.5 years, we fit a third-order polynomial (as opposed to the
seventh-order polynomial used for CryoSat-2 data) and we also use
athird-order polynomial equation to describe the shape of the sur-
face and a seasonal term to account for the annual surface changes.
Extended Data Fig. 5a shows the grid points on the NEGIS where we
have successfully estimated the ICESat-2 elevation time series.

Extended Data Fig. 5 shows two examples of ICESat-2 elevation time
series H(t). P3is a point close to the ice margin and is located at about
267 melevation (Extended Data Fig. 5b). Extended Data Fig. 5b shows
ICESat-2 elevations corrected for topography (black error bars) and a
combination of our best-fitting third-order polynomial and the annual
term (red curve). Extended Data Fig. 5d shows ICESat-2 elevations
corrected for topography and the annual term (black error bars), and
our best-fitting third-order polynomial (red curve) at P3.

Extended Data Fig. 5¢c shows the same information as Extended
Data Fig. 5b but for the point P4, which is located at about 1,071 m
elevation.

We use the best-fitting third-order polynomial (red curves in
Extended Data Fig. 5d,e) for each location shown in Extended Data
Fig. 5a to estimate the annual rates of elevation changes from April
2019 to April 2020 and from April 2020 to April 2021.

Elevation changes from NASA’s Operation IceBridge ATM flights
We estimate elevation changes using NASA's ATM surveys in Greenland
fromspring 2011 to spring 2019 (ref. *2). The ATM flights are mainly con-
centrated along the margin of the GrlIS. To estimate elevation changes,
we take the height difference between overlapping points from two
different campaigns, that is, we take the height differences between the
2011survey and the 2012 survey, between the 2012 survey and the 2013
survey etc. However, it should be noted that no survey was conducted
inspring 2020. Extended Data Fig. 6 shows ATM flight lines over the
NEGIS.

Extended DataFig. 6 (lower-right panel) shows an example of eleva-
tion changes at the overlapping points from 2016 to 2017. The largest
elevation change is observed near the glacier margin.

Gridded elevation changes and their uncertainties

Itis important to note that we do not merge CryoSat-2, ICESat-2 and
NASA’s ATM surveys whenwe create elevation time series. Instead, we
estimate the annual elevation change rates from April to April for each
dataset independently and then merge the rates.

The observed annual elevation change rates from CryoSat-2, ICESat-2
and NASA’'s ATM surveys are used to interpolate elevation change rates
ontoaregulargrid of1 x1km. Theinterpolationis performed using the
ordinary kriging method***°. We use the observed annual elevation
change rates to estimate an empirical semi-variogram. We fit a model
variogram to the empirical semi-variogram to take the spatial corre-
lation of elevation change rates into account. For each grid point, we
estimate the elevation changerate dh; ., and the associated error 0; ;.

We correct the observed ice surface elevations for bedrock move-
ment caused by elastic uplift owing to present-day mass changes and

long-term past ice changes (glacial isostatic adjustment (GIA)). We cor-
rect for GIA using the GNET-GIA empirical model®. For each grid point,
we estimate the GIA uplift rate dh,, and the associated uncertainty og,.
We correct for the elastic uplift of the bedrock by convolving ice loss
estimates (from CryoSat-2, ATM and ICESat-2) with the Green’s func-
tions derived by Wang et al.** for the elastic Earth model iasp91 with a
refined crustal structure taken from CRUST 2.0. For each grid point,
we estimate the elastic uplift rate dh,,,,and the associated uncertainty
O..s- The elevation change rate for each grid point is

dhi = dhi,krig - dhi,elas - dhi,GlA

and the associated uncertainty is

_ (2 2 2
0;= *Joi,krig * 0 elasT 0% cia

Extended Data Fig. 7 shows annual elevation change rates from April
to April for the period from April 2011 to April 2021 that are corrected
for GIA and elastic uplift. Extended Data Fig. 7 (lower panels) shows
the uncertainties associated with the annual elevation change rates
from April to April.

Ice flow modelling

We use the Ice-sheet and Sea-level System Model (ISSM)®, a
finite-elementice flow model, to model the NEGIS. The horizontal
mesh resolution varies from200 mnear theice front to 20 kminland,
and it is vertically extruded into four layers. The model is based on a
3D higher-order approximation of the full Stokes model to include
vertical shear for the stress balance; this is agood approximation for
both fast-moving and slow-moving regions®*>, We use the surface and
bed geometry from BedMachine Greenland*® (version 3). We infer the
ice viscosity parameter over floating ice and basal conditions under
grounded ice usinginversions. To infer theinitial basal conditions, we
use the Budd friction law and invert for the friction coefficient using
surface velocities from 2007 to 2008 (ref. *°). We then analytically calcu-
late the friction coefficient for aregularized Coulomb friction law that
producesthe same basal stress. The friction coefficient is kept constant
in time during the simulations. Previous studies have shown that the
choice of friction law can have a considerable impact onsimulations®°,
However, here we select the friction law based on observations.

The model uses the level-set-based moving boundaries to track ice
front positions. We use the von Mises tensile stress calving law to calcu-
late the calving rate”’2, We calibrate the stress threshold of the calving
law to match the observed ice front retreat from 2007 to 2017. We use
the same stress threshold values, 1 MPa for grounded ice and 150 kPa
for floatingice, used by Choi et al.?*. The calibrated stress thresholds for
twoglaciers (NG and ZI) are assumed to be constant for all simulations.

Usingthese nearly plastic friction laws, and the same atmosphericand
oceanicforcing as Choi et al.?*, we calibrate the calving law to qualitatively
matchthe observed front changes from 2007 to 2017 (ref. %). For hindcast
simulation, the modelisforced by monthly SMB datafrom the Regional
Atmospheric Climate Model (RACMO) version 2.3 (ref. ). We apply
ocean forcing that considers melting under floating ice for Zland NG™,
alongwith the undercutting at the ice front of the terminus of Zl once it
becomes grounded””. The details of the ocean forcing parameteriza-
tions canbe foundin Choi et al.®. We keep the ice temperature constant, as
itisnot affected by the surface temperature onthe timescales considered
in this study””. We find that the model with a regularized Coulomb law
yields much better agreement with observed accelerations (Fig. 2d,e)
and the observed mass loss from 2011 to 2021 (Fig. 4).

Frictionlaw selection

Extended Data Fig. 8 shows maps of the observed and modelled ice
flow acceleration from 2016 to 2022. The observed accelerations are
identical to those shown in Extended Data Fig. 3a. Here we show the
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Budd friction law* with different exponents, the regularized Coulomb
friction law®*®, the Schoof friction law® and the Weertman friction law*®
with different exponents. We tested a wide range of models with differ-
ent exponents; however, our model results indicate that only the regu-
larized Coulomb friction law or the Budd friction law with exponents
of1/50r1/6 can produce the deep inland acceleration observed in the
satellite data. For allmodelsin Extended Data Fig. 8, we used NorESM1
and RCP4.5. The choice ofthe GCM and RCP has amuch smallerimpact
than the choice of the friction law.

In Extended Data Fig. 9, we consider models that are able to repro-
duce deepinland acceleration. Therefore, the choice of friction laws is
reducedto the regularized Coulomb friction law and the Budd friction
law with exponents of 1/5 and 1/6, as all the other models were unable
to generate deep inland acceleration.

Extended Data Fig. 9 shows the modelled cumulative changes in
the ice mass from 2007 to 2100 for the regularized Coulomb fric-
tion law and the Budd friction law with exponents of 1/5 and 1/6. For
eachfrictionlaw, we model the mass change using RCP4.5and RCP8.5,
respectively. For all models, NorESM1 was used. For comparison, we
include results from ref. ® that were calculated using the Budd fric-
tion law (linear viscous). Extended Data Fig. 9 suggests that only the
mass change from the regularized Coulomb friction law is within the
uncertainty level of the observed mass change from2007t02021. The
Budd friction law with exponents of 1/5 or 1/6 slightly overestimates
the mass change from 2007 to 2021. However, we note that, by 2100,
the mass loss from the Budd friction law with exponents of 1/50r1/6 is
almost the same as that from the regularized Coulomb friction law. The
retreat of the terminus from 2007 to 2100 using NorESM1, RCP4.5and
regularized Coulomb friction law is shown in Supplementary Video 1.

Data availability

CryoSat-2dataareavailable at https://earth.esa.int/eogateway/catalog/
cryosat-products. NASA’s Operation IceBridge ATM data from April
2011 to April 2019 are available at https://nsidc.org/data/ilatm2. The
ICESat-2 data are available at https://nsidc.org/data/icesat-2. Ice sur-
face velocity and BedMachine Greenland are freely available from the
National Snow and Ice Data Center (NSIDC). RACMO SMB and runoff
information canbe accessed at https://zenodo.org/record/3367211#.
YyrlObTP23B, and MAR SMB and runoff information is available
at https://mar.cnrs.fr. Ocean thermal forcing data are available at
https://doi.org/10.7280/D1667W. The ice speed obtained from mosa-
ics based on ESA Sentinel-1 SAR offset tracking is available at https://
dataverseOl.geus.dk/dataverse/Ice_velocity. GNSS daily solutions
screened for outliers are available at https://datadryad.org/stash/
share/VxgLxKo7i4_u8Fy8p4CGj37PxASIfC9hiAGpDgiHzQM. Source
data are provided with this paper.

Code availability

The ISSM is open source and is available at http://issm.jpl.nasa.gov
(version4.17, released 1 April 2020).
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Extended DataFig.1| Terminus positions. Frontal position from 2000 to 2021 based on Landsat 5-8 optical satelliteimagery. The image was prepared using
MATLABR2021asoftware.
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Extended DataFig.3 | Timeseries ofice speed from Sentinel-1data.a, Map standard deviation of the underlying shift maps generated by the offset
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Extended DataFig.4|CryoSat-2 datacoverage and elevation timeseries. seventh-order polynomial and the annual term (red curve). ¢, The same asbbut
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Extended DataFig.6|NASA’s ATMflightlines. NASA’s ATM surveysin
northeast Greenland during spring 2011 (a), spring 2012 (b), spring 2013
(c), spring 2014 (d), spring 2015 (e), spring 2016 (f), spring 2017 (g), spring 2018 (h)

and spring 2019 (i). Black lines denote flight lines. Elevation changes in m year™
fromNASA’s ATM surveys in 2016 and 2017 (j). Negative valuesindicate surface
lowering. The image was prepared using MATLAB R2021asoftware.
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Extended DataFig. 8| Observed and modelled flow acceleration. Map of
observed and modelledice flow accelerationinm year?from 2016 to 2022 using
theregularized Coulomb friction law, Budd frictionlaw as used in Choi etal.?,

Budd friction law with a coefficient of 1/3, Budd friction law with a coefficient
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of1/3. Allmodels use the GCM NorESM1and RCP4.5.
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