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M Check for updates

Nearly every glacier in Greenland has thinned or retreated over the past few decades'™,
leading to glacier acceleration, increased rates of sea-level rise and climate impacts
around the globe®. To understand how calving-front retreat has affected the

ice-mass balance of Greenland, we combine 236,328 manually derived and Al-derived
observations of glacier terminus positions collected from 1985 to 2022 and generate
al120-m-resolution mask defining the ice-sheet extent every month for nearly four
decades. Here we show that, since 1985, the Greenland Ice Sheet (GrIS) has lost
5,091+ 72 km?of area, corresponding to 1,034 +120 Gt of ice lost to retreat. Our
results indicate that, by neglecting calving-front retreat, current consensus estimates
of ice-sheet mass balance*® have underestimated recent mass loss from Greenland by
as much as 20%. The mass loss we report has had minimal directimpact on global sea
level but is sufficient to affect ocean circulation and the distribution of heat energy
around the globe'® 2, On seasonal timescales, Greenland loses 193 + 25 km? (63 + 6 Gt)
oficetoretreat each year from a maximum extent in May to aminimum between
September and October. We find that multidecadal retreat is highly correlated with
the magnitude of seasonal advance and retreat of each glacier, meaning that terminus-
position variability on seasonal timescales can serve as an indicator of glacier sensitivity
to longer-term climate change.

The GrlS has been a main contributor to global sea-level rise over the
past century and its rate of mass loss has accelerated substantially since
the 1990s*°. Climate projections indicate with virtual certainty that
Greenland will continue to lose ice mass throughout this century®?,
but the timing, magnitude and character of future changes to the ice
sheet willdepend onthe severity of climate forcing and the sensitivity
thateach glacier exhibits to changesinits environment. Observations
suggest that terminus retreat may be the most reliable indicator of
glacier sensitivity to climate change® and, although retreat is an effect
of climate change, it can also cause sea-levelrise, as each calving event
affects the internal stress regime within the ice sheet and tends to
resultin glacier acceleration®®. Ice-sheet models reinforce the impor-
tance of terminus retreat as a leading indicator of change, showing
that sea-level projections are much higher when long-term terminus
retreatisincluded, and that neglecting seasonal oscillations of termi-
nus position produces biased projections of decadal mass change'>*.
A complete understanding of the past behaviour, current state and
future vulnerability of the GrlIS therefore requires acomplete picture
ofhowand whentheice sheet has changed in areal extent on seasonal
to decadal timescales.

We combine 236,328 observations of glacier terminus positions
(Fig.1) withanice-flow model to develop aconsistent, 120-m-resolution,
time-evolving ice mask that captures the areal extents of the entire
GrlS at monthly intervals from 1985 to 2022 (Methods). Terminus
positions were compiled from several public datasets, which were
derived using manual or automated meansto trace the seaward edges

of glaciers in optical and radar satellite images. We use a constant-
velocity flow model, which allows us to identify and discard erroneous
terminus-position picks, estimate the position of glacier terminiin
months that do not contain direct observations and ensure that glacier
termini can only express plausible rates of advance. The flow model
allows us to estimate terminus positions between observations by
interpolation and ensures that ice fronts remain within the bounds of
the most recent (past) and next (future) observations of terminus posi-
tion, atany given time and location. As well as developing a dataset to
quantify areal changes of the GrlS, we also estimate the ice thickness
correspondingto every pixelin the time-evolvingice mask, withagoal
of understanding the exact timing and magnitude of mass changes
over the past few decades.

Decades of retreat

From August 1985 to February 2022, the GrlIS lost 5,091 + 72 km? of
its area to secular glacier terminus retreat, which corresponds to
1,034 +120 Gt of ice loss beyond the steady-state calving rate that would
be necessary to maintain constant areal extents of the ice sheet (Fig. 2
and Supplementary Table 1). The timing of retreat is characterized
by relatively steady areal extents of the GrIS until the late 1990s, fol-
lowed by a218 km? year™ (42 Gt year™) rate of loss since January 2000,
without any marked slowdownintheretreat rate so far (Extended Data
Fig.1). Area(and mass) loss are observedinallregions of theice sheet,
led by 980 + 13 km? (160 + 104 Gt) from Zacharia Isstrgm, 188 + 3 km?
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Fig.1|Greenland glacier terminus observations since 1985. We use 236,328
manually derived and artificial intelligence (Al)-derived glacier terminus
observations from five publicly available datasets (Methods) to investigate
ice-sheetretreatinrecent decades. Early observations are shown as dark blue
lines, whichare generally seaward of the present-day edge of theice sheet,
whereas morerecent observations are shownin yellow and, insome locations,
have migrated more than 10 kminland since 1985. An arbitrary selection of

(88 £ 24 Gt) from Jakobshavn Isbra and 343 + 18 km? (87 + 3 Gt) from
Humboldt Gletscher. During the study period, Nioghalvfjerdsfjorden
(79° N) lost 282 + 12 km? (41 + 32 Gt), which represents agreater arealoss
thanJakobshavnIsbrae, butitsimpact onice-sheet mass change wasless
substantial, owing to differencesinice thickness. We use observations
from 207 glacier catchments in this study (203 marine-terminating
and fourland-terminating), which together represent 87% of the total
GrlS area and 90% of the total mass of the ice sheet. Among all of the
glacier catchments we observe, we find that only Qajuuttap Sermia
exhibited gains beyond measurement uncertainty, and its increase
of 1.4 + 0.6 km? (0.4 + 0.3 Gt) israther smallin comparison with losses
observed elsewhere around the ice sheet.

Greenland’s great ‘winter perennials’

On seasonal timescales, we confirm a well-documented pattern of
glacier growth throughout winter towards a maximum extent in late
spring, followed by calving and retreat throughout the summer, then
reaching a minimum extent in the autumn”*7*%, Year-round observa-
tions have been abundant since the 2014 launch of the Sentinel-1A
radar imaging satellite (Extended Data Fig. 2), so we use 2014-2020
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locales from all quadrants of the Greenland coast are presented here to
illustrate the diversity of geographic settings through which acommon signal
ofterminusretreat has etched its way slowly towards the interior of the ice
sheet. Maps created with Arctic Mapping Tools for MATLAB** and ArcGIS with
basemap imagery credit to Esri, Maxar, Earthstar Geographics and the GIS user
community.

as the most well-constrained years to characterize seasonal cycles
of growth and retreat. We subtract a 12-month moving mean from
pan-GrlS totals and take the monthly median of the subannual
residuals, to find that the ice sheet reaches a maximum extent each
May, then loses 193 + 25 km? (63 + 6 Gt) to reach a minimum extent in
September or October (Extended Data Fig. 1). Among the glaciers we
survey, 87% exhibit variability in areal extent exceeding measurement
uncertainty and the timing of seasonal growth and retreat is relatively
uniformacross the entireice sheet (Fig.3). The largest seasonal signal
by far is observed at Jakobshavn Isbrze, which grows and shrinks by
18.6 + 3.8 km? (13.6 + 2.6 Gt) each year and has a notable distinction
of reaching its maximum and minimum extents in April and August,
afull month or more before the GriS as awhole. The seasonal cycle of
Zachariz Isstrgmisinconsistent from year to year owing to the complex
and evolving geometry of its retreating ice front, but the ice stream
averages 15.3 +5.6 km? (7.5 + 2.5 Gt) net ablation each summer. Mean-
while, the thicker ice of the fjord-bound Kangerlussuaq exhibits an
average summer retreat of 9.5 + 5.2 km? (7.0 + 3.4 Gt). We do not detect
seasonal areavariability in any of the four land-terminating glaciers we
observe, reflecting a common role that the ocean plays in driving the
advance and retreat of Greenland’s glaciers on seasonal timescales.
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Fig.2|Cumulative mass changeresulting fromglacier retreatsince1985.
Almostevery glacier in Greenland has lost substantial mass since 1985. This
stacked-areatime series depicts the mass change of each glacier, sorted with

Our observations of land-terminating glaciers are limited, butamong
the 203 marine-terminating glaciers observed in this study, 178 exhibit
seasonal variability in area and mass that exceeds the uncertainty in
our measurements, with relatively consistent timing and magnitude
eachyear (Extended Data Fig. 3).

Patternsinthe data

A comparison of the range of seasonal variability to the corresponding
mass loss of each glacier since 1985 reveals a striking pattern (Fig. 3):
glaciers that exhibit the greatest advance and retreat on seasonal
timescales have generally retreated more than any others since 1985.
JakobshavnlIsbrae and Zacharize Isstrgm are characterized by the largest
seasonal signals in Greenland, and these two glaciers have lost more
mass than any others to secular retreat over the past several decades.
Seven ofthe eight glaciers with the largest seasonal mass variability in
Greenland are among the eight glaciers that have lost the most mass
to long-termretreat since 1985.

To understand the environmental factors that may predispose a
glacier to long-term mass loss, we seek relationships between the
catchment-scale mass changes we have observed since 1985 and sev-
eral variables that could potentially act as predictors of long-term mass
change. Specifically, we consider theimportance of glacier bed slope,
surface slope, bed elevation at the terminus, terminus thickness, ter-
minus width, terminus velocity, ice flux at the terminus, climatological

thegreatestlossesat the bottom. Losses fromallglaciersin this study total
1,034 £120 Gt, led by Zachariz Isstrém, Humboldt Gletscher and Jakobshavn
Isbree.

mean surface runoff, oceanographic sill depthand mean oceanographic
temperature in the waters near each glacier terminus measured from
2015t0 2022 (Methods). Among these simple potential predictors of
long-termretreat, the range of seasonal mass variability stands out as
the most highly correlated with the mass loss observed over the past
fewdecades (r* = 0.71), followed by the flux (r* = 0.55), width (2 = 0.44),
thickness (r*=0.36) and bed elevation (r* = 0.34) at the terminus of
each glacier (Fig. 4). Some of the largest mass signals occur where ice
is thick or wide, so we normalize by the area of each glacier terminus
face, finding that seasonal variability is the only notable predictor of
long-term change among the candidates we investigate (Extended
Data Fig. 4). We find very little correlation between decadal retreat
and timing of seasonal maximum, mean rates of surface runoff, bed
slope, surface slope, ice velocity at the terminus, oceanographic sill
depth or the observed temperature of nearby waters.

Itis perhaps unsurprising that the mass loss associated with glacier
terminusretreat since 1985is highly correlated with the range of mass
variability on seasonal timescales, because the largest glaciers are
most capable of producing the largest mass signals on any timescale.
However, none of the glaciers exhibiting large seasonal mass variabil-
ity have shown large signals of mass gain over recent decades. After
normalizing mass changes by glacier terminus face area to analyse
signals of effective glacier length, seasonal length variability remains
the best predictor of glacier length change over decadal timescales
(Extended DataFig.4).Itis clear that awidespread forcing mechanism
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Fig.3|Relationship between seasonality and decadal retreat. In Greenland,
the glaciers that haveretreated the most over the past few decades are also
characterized by notable advance and retreat cycles that occur seasonally.

a, Net mass change owingto calving-front advance or retreat within eachice
catchmentsince 1985. Ice-free areas are shownin grey. b, The medianrange
of seasonal ice-mass variability within each glacier catchment. ¢, Month of
climatological maximum extent each year. Most glaciers reachamaximumin

hastouched nearly every glacier in Greenland over the past few decades
and has most considerably affected the glaciers that show sensitivity to
environmental change on seasonal timescales. We expect that contin-
ued warming will produce the greatestimpact onthese same glaciers.

We consider several glacier characteristics that could be linked to
long-term retreat. Bed slope is a fundamental characteristic of any
glacier system and can throttle ice flow” or allow for rapid runaway
retreat®. Likewise, surface slope is the sole driving mechanism that
creates glacier flow, yet neither of these simple geometric character-
istics shows a clear relationship with retreat among the glaciers we
study. Surface runoff has been found to drive velocity variability on
seasonal timescales® and has been linked to terminus advance and
retreat in some localized studies?, but—across Greenland—we find
little correlation between mean runoff and long-term retreat or sea-
sonal variability in terminus position. Terminus thickness, width, bed
elevationand catchment flux are all related to the area of aglacier face
and are correlated with mass signals on seasonal to decadal timescales,
but whenmass signals are normalized by terminus face area, we find no
strong correlations between terminus geometry and effective length
variability on any timescale (Extended Data Fig. 4).

Glacier response to summer warming

The environment that surrounds glaciers in Greenland undergoes
considerable variation on seasonal timescales. Summer ocean warming
andinfluxes of meltwater runoff elevate melt rates*>*and can alter the
thickness and tensile strength of glacial ice. By winter, fjords fill witha
melange of seaice andicebergs that can exertabackstress and further
modify the tensile stress within the ice near glacier termini. Calving
rates respond roughly proportionally to changes in the tensile stress at
the terminus of aglacier®, so the processes that influence tensile stress
onseasonal timescales offer awindow into the impacts of longer-term
change. The amount of warming that Greenland experiences each
year from winter to summer is far greater than the total rise in annual
average temperatures over the past several decades, meaningthat the
seasonal variability in glacier tensile stress is probably much larger
than any environmentally induced secular trend. Thus, if a glacier is
insensitive to large seasonal changes in tensile stress, it is probably
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May orJune and thenbegin asummer-long period of retreat. The seasonal cycle
ofJakobshavnIsbrae occurs atleastamonth earlier than most other glaciers,
withits maximum extent typically observed in April.d, The net massloss of
eachglacier catchmentsince1985is plotted as afunction of its range of seasonal
variability, with the dashed lineindicating alinear least-squares fit to the log of
mass values for each catchment. Maps created with Arctic Mapping Tools for
MATLAB®* using geographic outlines developed in this work.

insensitive to environmentally induced secular trends and vice versa.
Anotable caveat to this theory is that the predictive relationship only
holds trueifthereis no substantial change in terminus stress regime. For
instance, inthe extreme case thataterminusretreats fromabathymet-
ricrise or ‘pinning point, it willinstantly change from a compressional
regimetoatensile regime and rates of calving will respond accordingly,
independent ofits previous sensitivity to changesin seasonal forcing.

Every glacier that has retreated appreciably since 1985 comes in
direct contact with the ocean at its terminus and warm ocean water is
undoubtedly responsible for driving much of the decadal retreat that
we report’, We compute ocean profile temperature anomalies from
observations collected by NASA’s Oceans Melting Greenland project
(Methods; Extended Data Fig. 5) and analyse the mean of allanomalies
within 10 km of each glacier terminus, but find no clear connection
betweenlocal oceantemperature and decadal retreat. Thelocal thermal
anomalies we consider are clearly regional, with the warmest tempera-
tures in the south and the coldest temperaturesin the north, whereas
theglacier retreat we observeis apparentinall sectors of the ice sheet.
We alsoinvestigate the role of fjord sill depth as a proxy for connection
to the open ocean (Methods), but our analysis finds no link between
this simple metric and the sensitivity of glaciers on seasonal or decadal
timescales. We note that, although we find no link between the spatial
distribution of mean ocean temperatures and the spatial distribution
of glacier retreat, our analysis is independent of temporal changes in
oceantemperature and we expect that glaciers will continue toretreat
inresponse to continued ocean warming.

Impacts of mass loss

Wereportawidespread glacier terminus retreat in Greenland that has
resultedinmore than1,000 Gtoficeloss thathas notbeenaccounted for
in current observation-based estimates of ice-sheet mass balance. The
terminus retreat we describe has notbeen capturedinaltimetry-based
estimates, which have historically used fixed ice masks and tend to per-
formpoorly nearice edges®?. Similarly, an ‘input-output’ technique'?
offers anindependent method of estimating ice-sheet mass balance
by measuring surface velocity butrelies on fixed flux gates that cannot
capture theretreat that we report. By our estimates, almost 90% of the
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Fig.4 |Predictors ofglacier sensitivity. Decadal mass loss from calving of

95 Greenlandicglaciersis plotted asafunction of 12 candidate predictors of
sensitivity to climate change. The strongest correlation is seen with the range
ofadvance andretreat that each glacier exhibits on seasonal timescales. Some
correlationis apparent withglacier thickness, width, bed elevation and annual

icelosswereportoccurred below the surface of hydrostaticequilibrium
and has since beenreplaced by seawater and, thus, cannot be detected
by satellite gravimetry (and does not directly contribute to sea-level
change beyond thermosteric effects). The remaining 120 Gt (about
0.33 mmglobal sea-level equivalent) ofice lost from above the surface
of hydrostatic equilibrium is theoretically detectable by gravimetry,
but the areas of loss are too small in spatial scale for their locations to
be pinpointed by GRACE®,

None of the three most commonly used methods of measuring
ice-sheet mass balance are designed to measure the mass loss wereport,
meaning that the GrlS has probably lost 20% more ice since 1985 than
has recently been reported"** 2% The most recent update to the
Ice sheet Mass Balance Inter-comparison Exercise (IMBIE) provides a
reconciled estimate of 27 independent observation-based estimates
of ice-sheet mass balance, finding an overall loss rate of 221 Gt year™
between 2003 and 2018. We find that, over the same period, terminus
retreat caused a further 43 Gt year™ of ice loss that was not captured
by any of the three geodetic techniques used in the IMBIE consensus,
hasnotbeenaccounted forinany large study of GrIS mass balance and
represents asource of solid freshwater flux that has not beenincluded
in previous budgets of discharge to the ocean®.

The addition of more than1,000 Gt of freshwater to the North Atlan-
tic Ocean since 1985 provides a buoyancy force that could strengthen

iceflux, whichis tobe expected, as thicker, wider glaciers are more likely to
exhibit larger mass variability. After normalizing by the area of each glacier
terminus face, seasonal variability is the only notable predictor of longer-term
retreat (Extended DataFig.4). Comparisons are presented for 95 glaciers for
which observations of all variables are available.

the coastal currents of Greenland®®, change the course of future ice-
oceaninteractions®** and weaken the Atlantic Meridional Overturning
Circulation (AMOC)** %8, The out-of-balance anomalies we report are
modestin comparison with the approximately 500 Gt of ice that flows
from the GrlS each year”, but there is some concern that any small
source of freshwater may serve as a ‘tipping point™® that could trigger
afull-scale collapse of the AMOC***, disrupting global weather pat-
terns*?*, ecosystems**** and global food security***’; yet, freshwater
fromtheglacier retreat of Greenland is notincluded in oceanographic
models*** or estimates of state® at present. The energy required to
melt more than 1,000 Gt of ice is notable (>3,340 exajoules), yet this
heat sink is not accounted for in the present Earth energy budgets
thatare essential for understanding the full scope of global warming’".
With the decades-long record of monthly ice masks we provide for
the GrlS, freshwater representationin ocean models and Earth energy
budgets may be improved. Likewise, the time-evolving ice masks we
provide will allow improved representation of the stress state of
theentire GrlSinice-sheet models, including full representation of the
seasonal cyclesthat are known to bias long-term estimates of sea-level
risewhen neglected™. Underestimates of mass loss in historical model
reconstructions have, in fact, cast doubt on future projections of
sea-level rise®, but the time-evolving ice masks we provide will allow
forimproved transient calibrations, which can decrease model error®>,
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Retreating in formation

The observations we present reveal anice sheet whose areal extent var-
iesonseasonal to decadal timescales. Despite residingin agreat diver-
sity of catchment sizes, bed configurations and geographic settings,
the glaciers of Greenland march in synchronicity—growing slowly over
winter, reaching a maximum extent in spring, retreating throughout
the summer and starting the cycle again each autumn. Nearly every
glacier in Greenland has retreated over the past few decades and, in
awarming world, we posit that the glaciers that are most sensitive to
changes on seasonal timescales will show the greatest sensitivity to
future climate change.
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Methods

To obtain a consistent, monthly ice mask that spans the entire GrIS
for the past several decades, without gaps in space or time, we com-
bine several sources of terminus-position observations with a simple
ice-flow model such that erroneous terminus positions are eliminated
and terminus advance is limited to physically plausible rates in months
without direct observations.

Terminus-position data

We use 237,556 manually derived and Al-derived glacier terminus
picks from 1972 to 2022, obtained from the sources described below.
We focus our analysis primarily on the years since 1985, during which
time 236,328 terminus picks were acquired. Although data coverage
isgenerally poor before 1985, we include all available observations to
help constrainthe state of theice sheet at the beginning of our analysis
period. Extended Data Fig. 6 shows the temporal distribution of the
acquisition times of all terminus picks, which were selected from the
following datasets:

» AutoTerm: we use 153,281 terminus positions from the AutoTerm
dataset®>*, including 153,250 positions acquired since 1985. AutoTerm
provides data from several optical and radar satellite sensors, span-
ning nearly four decades and includes winter data in recent years.
Through visualinspection, we found that AutoTerm performs particu-
larly well at some of the 295 glaciers it covers; however, data quality
clearly suffers at other glaciers. Terminus-position accuracy is often
dependent onsatellite sensor and corresponds reasonably well with
error estimates that are provided with the AutoTerm data. For our pur-
poses, weinspected all AutoTerm picks visually to manually determine
separate error thresholds for each of the 295 glaciers, such that we
eliminate all data corresponding to error values that are associated
with obvious outliers or asynchronous behaviour. For this reason,
we use only 153,281 of the 278,239 terminus positions available in
the full AutoTerm dataset.

MEaSUREs weekly to monthly: we use the 21,990 weekly to monthly
terminus positions'® collected using the Sentinel-1synthetic aper-
ture radar since January 2015. Although the full dataset contains
23,676 terminus positions, we only use positions whose quality
flagis O.

MEaSUREs Annual v2: we use 3,437 terminus positions from the MEaS-
UREs v2 dataset®, including 2,987 picks acquired since 1985. We only
use the highest-confidence data, with quality flags O or 2. Quality flags
land 3 correspond to uncertain picks or Landsat-7 SLC-offimages and
arenotused inour study. We also eliminate redundant data by discard-
ingany positions obtained from the same images used in MEaSUREs
weekly to monthly data.

CALFIN: we use 19,835 terminus positions from the CALFIN dataset®<°,
including 19,665 picks acquired since 1985. In this subset, we have
discarded any CALFIN picks in which MEaSUREs Annual v2 manual
picks are available for the same satellite image.

TermPicks: we use 39,013 terminus positions from the TermPicks
dataset®®, including 38,436 picks acquired since 1985. We discard
any TermPicks datain which MEaSUREs Annual v2 manual picks are
available for the same satellite image.

We note that the AutoTerm datasetincludes alarge amount of Land-
satimagery that is also included in the MEaSUREs Annual v2, CALFIN
and TermPicks datasets, meaning that there is some redundancy
and probably some discrepancies between the various methods of
terminus-position picking. We find that AutoTerm provides the most
comprehensive record overall, but the width of fjord walls tend to be
defined more narrowly in AutoTerm than in other datasets, meaning
thatthe fullwidths of glaciers are sometimes not captured in AutoTerm.
Also, in some cases, the bounding boxes of the AutoTerm picks seem
to cut off the full extents of calving-front migration.

Ice-flow model. Our method of limiting terminus advance rates to
physically plausible values requires knowledge of ice velocity wherever
terminus positions have beenactive over the observation period. Fora
gridded velocity field, we compute the error-weighted average of the
MEaSUREs ITS_LIVE velocity mosaics®*¢* and MEaSUREs Greenland
Annual Ice Sheet Velocity Mosaics from SAR and Landsat®. Any holes in
theresulting mosaic are then filled by interpolation with the MATLAB
regionfill algorithm if they are surrounded on all sides by observed
velocities.

Ourinterestindescribing terminus evolution that occurred decades
ago presents a challenge in which substantial retreat has occurred and
modern velocity observations do not capture the previous extents
of the ice sheet. We therefore use constant values of ice speed taken
from the perimeter of available ice-sheet observations and extrapo-
late them downstream along flowlines from a palaeo-ice-sheet model.
The three-dimensional, thermomechanical Ice-sheet and Sea-level
System Model® is used following initialization procedures used in
previous studies® ® to simulate the behaviour of the GrlIS over the
last deglaciation and up through the contemporary period. The model
domain extends outward to the coastline, outboard of the present-day
icemarginto simulate the ice-margin migration that occurred during
the last deglaciation and Holocene. Horizontal mesh resolution var-
ies from 20-km resolution in areas in which gradients in the bedrock
topography are smooth to 2-km resolution in areas in which bedrock
reliefis high. This model was a contributing member to the most recent
Ice Sheet Model Intercomparison Project 6 (ISMIP6)”° and has been
shownto capture the historical (1850-2012) mass variability in Green-
land with good fidelity, as well as providing a good match to geologic
indicators of pastice-margin change across the Holocene®. The model
uses a higher-order ice-flow approximation”, which is extruded to
five layers and uses higher-order vertical finite elements’ to com-
pute the ice-sheet thermal evolution. Flow directions are taken from
the most recent modelled time steps available for any given grid cell.
The resulting velocity field is able to follow sinuous fjord geom-
etries and the scalar values of ice speed match the speeds that have
recently been observed near glacier termini. By our method, 99.9% of
ice-covered grid cells use observation-based velocities and the remain-
deruse observed velocities extrapolated along modelled flowlines. Our
combined velocity grid is shown in Extended Data Fig. 7.

Ice masking. The task of converting line-segment observations of
terminus positions into gridded ice masks is trivial to perform manu-
ally for a small set of observations but is challenging to automate for
alarge number of terminus positions. Extended Data Fig. 8 illustrates
two initial challenges. First, a given terminus-position observation
may be saved in a shapefile as several line segments that may or may
notappear in order from one side of a glacier to the other. As aresult,
itisnot possible to simply polygonize the raw shapefile data. Second,
without any other context, itis not possible to automatically determine
whether any given pixelin anice mask lies upstream or downstream of
aline segment that defines the terminus. So rather than treating each
terminus position as part of a polygon that can be closed, we use the
psnpath function in Antarctic Mapping Tools for MATLAB®** to densify
eachline segment within each terminus-position observationto aspac-
ing of24 malong-path. Inall of the remaining steps of our method, the
densified terminus-position dataare treated as unconnected, scattered
data points rather than connected line segments.

We begin masking in the month of August 2015, using as an initial
reference GimpOceanMask_90m_2015_v1.2.tif (ref. 73), whichis a
mosaic mask with ameandate corresponding to August 2015. Any densi-
fied terminus-position data, from any of the contributing terminus-
position datasets, collected within 30 days before 15 August 2015 are
then synthetically advected downstream using our velocity grid, to
the expected terminus positions on 15 August 2015 assuming constant
velocity and no calving. Whether or not calving occurs between the
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observation date and 15 August 2015, we can be certain that any pixels
downstream of the advected terminus positions can be deemed false
inice mask. Similarly, terminus positions observed within30 days after
15August 2015 are synthetically advected upstreamto their expected
location on 15 August 2015, and all pixels upstream of the advected
locations can be deemed true in the ice mask on that date. We use the
MATLAB stream2 function to calculate flowlines upstream and down-
stream of the advected terminus positions, then grid the flowline data
with the gridbin function from the Climate Data Toolbox for MATLAB™,
then use imfill to fill any remaining holes in the regions that we ‘carve’
or ‘fill’ the ice mask for any given month. Anillustration of carving and
filling the ice mask from advected terminus-position datais provided
in Extended DataFig. 9.

From 15 August 2015, we work backward, one month at a time. We
use the August mask as the initial guess for July and then update it fol-
lowing the method described above, using any data collected within
30 days of 15 July 2015. We continue adjusting the mask with the data
of each month until 15 September 1972. Then we move forward from
August 2015, following the same method until 15 February 2022. At
this stage, the large-scale, secular changesinice-sheet extent that have
occurredsince the1970s are well represented in our ice mask, but fur-
ther refinements are necessary to pinpoint the timing of calving events
and capture the growth that can occur between observations.

We begin refining our time-evolving ice mask, starting on 15 Janu-
ary 2022, and using one month of displacement to interpolate the 15
February 2022 mask. Any pixels in the January mask that will flow to
‘ice’ (true) locations by February are overwritten as true in the Janu-
ary mask, because the ice in February must have flowed from a loca-
tion of ice inJanuary. However, we then repeat the method of using
observations taken within 30 days of 15 January to overwrite any of
these previous estimates wherever direct observations are available.
Month by month, we repeat this method from 2022 to 1972. We then
move forward from 1972 to 2022 using a similar philosophy, but this
time adjusting the mask of each month by setting false any pixels that
advected fromlocations that were open oceanin the previous month,
before we once again overwrite with any available observations that
may be directly available that month.

After two full passes forward and backward through all 594 months of
thetimeseries, the resulting time-evolving ice masks directly agree with
the available observations and growth rates are physically bounded to
our velocity grid and seem natural over months-long stretches inwhich
direct observations are unavailable. However, by informing the mask
of each month with past and future observations of terminus position,
we introduce the possibility that the effects of a single observation
error can propagate through the mask for months or years. In par-
ticular, we find that AutoTerm picks occasionally contain blunders in
which the algorithm locked onto artefacts such as surface features in
theice, and some of the manually defined observations in TermPicks
appear as straight lines that cut across fjords in unnatural patterns.
We therefore repeat the above process, adjusting the ice mask only
where several terminus-position datasets agree thatagiven pixelisice
ornotice. Our final, time-evolving ice mask represents a consortium of
the contributing datasets, combined with a simple flow modelinsucha
way that the mask follows the laws of physics to agree with observations
while excluding outliers. We note that our model effectively interpo-
lates terminus positions between observations but never extrapolates.
Accordingly, variability on any timescale cannot be over-represented
in the final data product, but some variability that occurred between
observations may not be fully captured. The seasonal maximum and
minimum extents, as well as long-term changes in area and mass that
wereport, arethe result of observed changesinice-front position and
arenotinfluenced by the velocity model. Velocity errors exceeding the
width of one grid cell per month (1,440 myear™) could produce ice
maskingerrors of one grid cell width for each month between observa-
tions and manifest as a concave or convex growth rate between dates of

terminus-position observations, but velocity errors are generally well
below thisthreshold and we do not see evidence of thisissue in the data.

Ice thickness. Estimating the mass of ice lost since 1985 requires an
estimate of ice thickness wherever the areal extent of the ice sheet
has changed. Ourice-thickness grid is based primarily on BedMachine
Greenland Version5 (refs. 75,76). Where the ice sheet has retreated since
the beginning of our observation period, BedMachine often shows zero
ice thickness. Intheselocations, we apply a hydrostatic inversion to the
surface of the AERODEM” elevations relative to the geoid, assuming
anice density of 917 kg m~ and seawater density of 1,027 kg m™.In
locationsinwhichinversion of the AERODEM surface produces anice
base that falls below the BedMachine bed, we set ice thickness to the
AERODEM surface elevation minus the BedMachine bed elevation.

Most areas of ice-sheet change are represented by finite values of
ice thickness in BedMachine or AERODEM, but to create a complete
ice-thickness grid that spans the entire domain around Greenland, we
fill any remaining grid cells with estimates of ice thickness, which we
obtain from bed-elevation values in BedMachine. We find that, along
the perimeter of the ice sheet as it is defined in BedMachine, the ice
is—onaverage—about 5% thicker than the minimum necessary to remain
grounded on the bed elevations provided in BedMachine. In other
words, along the perimeter of the ice sheet, at which calving occurs, an
estimate ofice thickness can be obtained by multiplying the bed eleva-
tionby-1.17, which corresponds to a hydrostaticinversion plus an extra
5% thickness to keep theice grounded. For the purposes of estimating
ice-mass loss where no direct observations of past ice thickness are
available, we assume that this relationship holds. Among 442,769 grid
cellsthat experienced any changein ourice mask throughout the entire
observation period, 223,785 of the grid cells contain non-zero thick-
ness values in BedMachine, we use 129,229 thickness estimates from
AERODEM and the remaining 89,729 thickness values are estimated by
assumingthattheiceis-1.17 timestheelevation valuein BedMachine.
Our combined ice-thickness grid is shown in Extended Data Fig. 7.

Thickness-error estimates are taken as the formal estimates provided
with the BedMachine product for any grid cells that use BedMachine
thickness data. For AERODEM, we assume 10 m surface elevationerror,
which translates to 93.4 mthickness error where theice isassumed to
havebeen floating hydrostatically (Archimedes’ principle). Where the
ice was grounded, the AERODEM thickness uncertainty is estimated
as the root sum square of 10 m surface elevation error and the Bed-
Machine bed elevation error. We find that, along the perimeter of the
ice sheet, our model of ice-thickness estimate from bed elevations
matches BedMachine thickness values with a standard deviation of
32.7m.Where we use bed elevation to estimate ice thickness, we assume
that the thickness error is the root sum square of 1.17 times the bed
error estimates and 32.7 m. Bed elevation error estimates are shown
in Extended Data Fig. 10. Note that our method of mosaicking several
observational products to estimate ice thickness canresultinapparent
discontinuities inice thickness at boundaries of contributing datasets,
but our uncertainty estimates capture this effect accordingly.

Glacier catchments. We use 260 named Glacier catchments for the
GrlIS”. Toaccount for terminus activity that may have occurred beyond
the extents of the predefined glacier catchments, we extrapolate each
catchment downstream following flowlines from our velocity grid. Each
catchmentisthendilated by 5 kmto fillany gaps between extrapolated
flowlines and fjord walls or neighbouring catchments. Our extrapolated
catchment delineations are shown in Extended Data Fig. 11.

Ice-sheet area and mass time series. The area of each glacier catch-
mentis calculated by summing the area of allice grid cells withineach
glacier catchment, for each monthly time step. Polar stereographic
distortionis accounted for using the psndistortion functionin Antarctic
Mapping Tools for MATLAB®*. For each catchment, we estimate error as



the sumoftheareaofallgrid cells withina1-pixel perimeter along the
edge of the ice sheet. This assumes that terminus-position errors are
fully correlated within each glacier catchment. When calculating the
totalareaof the entireice sheet, we assume that errors are uncorrelated
between catchments and, therefore, estimate the ice-sheet-wide area
error as the root sumsquare of the 260 catchment errors.

The mass of ice in each glacier catchment is calculated as the sum
of the product of the area, thickness and ice density (917 kg m™) of
allice grid cells within each catchment. Mass errors arise primarily
from thickness error and terminus-position error. Mass errors owing
to thickness uncertainty are described above and mass associated
with terminus-position error is calculated as the sum of the mass of
all grid cells within a1-pixel perimeter along the edge of the ice sheet.
We estimate the error of the mass measurement within each glacier
catchmentas the root sum square of thickness and terminus-position
errors. Following the method used for estimating the area error for
the entire ice sheet, we assume that errors are uncorrelated between
catchments and estimate the total mass error as the root sum square
of the 260 catchment errors. Note that our velocity grid is primarily
used to limit the rate of ice-front advance between months of obser-
vation, meaning that velocity errors would need to exceed 120 m per
month to result in a 1-pixel-width area error, which corresponds to
our estimates of area error for any given month and any given glacier.
Our approach to measuring velocity uncertainty and its impacts on
area and mass uncertainty is heuristic, but the signals of area change
that we measure are large enough that any reasonable approach to
uncertainty quantification would yield uncertainty estimates orders
of magnitude smaller than the signals of change.

Correlation analysis. Terminus thickness and width are defined
using the mean thickness and total number of ocean-adjacent ice-sheet
perimeter pixels withineach catchment, taken from the most retreated
position of the ice sheet. Surface slope and bed slope are calculated by
fitting trend lines to topography along flow paths from each perimeter
grid cell of the ice sheet to 5 km upstream and a single slope value is
assigned to each catchment as the thickness-weighted mean of the
slopes calculated from each grid cell. The terminus velocity of each
glacier is taken as the mean velocity of the ice-sheet perimeter pixels
within each catchment. Steady-state ice fluxis calculated for each catch-
ment using a method that we have previously applied to Antarctica”.
Surface runoffis summed for each catchment using GSFC-FDMv1.2.1
(ref. 80), fromthe gridded mean of all runofffrom the years 2000-2020,
converted to units of Gt year™. Runoffvalues are normalized by glacier
catchmentareawhen comparing with glacier equivalentlength values.
Silldepthis calculated with a digital elevation model of bed elevations
from BedMachine plus our ice-thickness values wherevericeis always
observed. We use the fillsinks functionin TopoToolbox® to fill the digi-
tal elevation model to the height of local sill depths within fjords. Ocean
temperatures are compiled from 2,828 oceanographic profiles col-
lected by NASA’s Oceans Melting Greenland campaign® % from 2015
to 2022 (Extended Data Fig. 5). We subtract the mean temperature
profile from all 2,828 observations to obtain a profile of temperature
anomalies for each location and then calculate a mean anomaly tem-
perature in the top 1,000 m of each profile to obtain a scalar mean
temperature anomaly for each of the 2,828 profile locations. By remov-
ing the overall mean vertical profile from each individual profile, we
are better able to compare the spatial distribution of temperatures
among profiles that may reach different depths. For each catchment,
we then calculate the mean of all mean anomaly temperatures with-
in 10 km of each glacier terminus. We experimented with a range of
distance-to-glacier thresholds and found no meaningful differencein
any of our results when using a 1-km threshold or a 10-km threshold,
so we use 10 km to maximize the number of glaciers (95) that could
be directly compared with the available data in Fig. 4 and Extended
DataFig. 4.

Mass and area change calculations. Long-term ‘secular’ changes
in mass and area are calculated as the difference between values
corresponding to February 1985 and February 2022 in a 12-month
moving mean of each time series. Secular change error is estimated
astherootsumsquare of uncertainties of the 1985 and 2022 measure-
ments. Twenty-first century trends are calculated by least-squares-fit
monthly measurements from January 2000 to February 2022.

Data availability

The monthly ice masks described in this work were developed for the
NASAMEaSUREsITS_LIVE projectand are available through the National
Snow and Ice Data Center at https://doi.org/10.5067/579TO87M7IZB.

Code availability

Anarchived version of the code used to create the monthly ice masks,
analyse the data and create the figuresin this manuscriptis available at
https://doi.org/10.5281/zenod0.8388136. Any updates to the code will
be available at https://github.com/chadagreene/greenland-icemask.
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Shadedblueregionsinall panelsindicate measurement uncertainty, estimated
from the root sumsquare of uncertainties related to terminus position andice
thickness for each glacier (Methods).
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178 marine-terminating glaciers in Greenland exhibit substantial, consistent
seasonal variability in terminus position each year. The median range of
minimum-to-maximum glacier extent within a givenyearisabout 0.8 km?

(a) or 0.1 Gt (b) per glacier, but glacier sizes roughly follow a Pareto distribution,
meaningthatafew glaciers have seasonal ranges thatare10 to 20 times larger
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than the GIS median. Glaciers tend to reach their maximum area (c) and mass
(d)inMay orJune, thenretreat toaminimum that occurs around October. Most
glaciers exhibit amaximum and minimum extent that occurs slightly after the
overallice-sheet average, largely because of the influence that the early cycle of
JakobshavnlIsbre has onthe areal extents and total mass of the entireice sheet.
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glaciers for which observations of all variables are available. The top row of the
mass variability correlation matrix distils the results shown in Fig. 4, and
negative valuesindicate that glaciers tend tolose mass where the dependent
variableis higher. Toaccount for relationships between mass and glacier
terminus thickness and width, we normalize mass values by glacier terminus
facearea, providing ameasure of effective length variability that reveals that
seasonal variability is the strongest simple predictor of long-termretreat.
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Extended DataFig.5|Ocean-temperature observations. We use 2,828 value within the top1,000 m of each profile, we obtaina measure of ocean
oceanographic temperature profiles collected by NASA’s Oceans Melting temperature that reflects the spatial distribution of available heat energy, with
Greenland project. Each profile on the leftis colour-scaled by ascalar local minimalinfluence fromthe depth of the available observations. Map created
thermal anomaly value shown in the map on the right. The heavy black profile with Arctic Mapping Tools for MATLAB** using geographic outlines developed
ontheleftrepresentsthe meanofall2,828 profiles. By subtracting the mean inthiswork.

profile from eachindividual profile and then calculating amean anomaly
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Extended DataFig.7|Gridded velocity and thickness data. Thiswork required
knowledge of ice velocity and thickness beyond the current measurable extents
oftheice sheet. We combine data from several sources (Methods) to generate
complete gridded velocity and thickness fields that cover the entire domain of
interest. Ice velocity and thickness values are unrealistic in the open ocean but

arereasonable and well constrained within fjords and close to the current extents
oftheicesheet, for which the values are usedin thiswork.a-d, Theentire GrIS.
e-h, Detailed views of the region surrounding the terminus of JakobshavnIsbrze.

Maps created with Arctic Mapping Tools for MATLAB** using geographic outlines
developedinthiswork.
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Extended DataFig. 8| Terminus-positiondatadensification. An example of
the terminus-position datawe use is shown as 260 blue-to-yellow coloured
dots. Raw terminus-position data are not necessarily distributed as continuous
linesegments from one side of aglacier terminus to the other, asseen by the
blue dots thatstart near the top and then continue at the bottom of theimage
above. We sortand densify all terminus-position data and then use a flow
modeltodetermine whether any given point lies upstream or downstream of
the observed terminus position (Methods). Map created with Arctic Mapping
Tools for MATLAB** with terminus position from the TermPicks dataset®..
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Extended DataFig. 9| Masking process example. Anice mask representing a
previousassumption (Methods) isshown inwhite. Blue lines show all terminus
observations taken within 30 days after 15 August 2015and advected upstream
to their expectedlocation on15August 2015. Yellow lines show terminus
observations taken within 30 days before 15 August 2015 and advected
downstream to their expected locationon15August 2015. a, All pixels
upstream of the bluelines areinthe ‘Fillregion’ and are setas trueintheice
mask. b, Pixels downstream of the yellow line defined as beingin the ‘Carve
region’and areset as falsein the ice mask. ¢, No adjustments are made where
the Prior mask terminus falls between the Carve region and the Fill region. This
canoccurwheniceislost tocalvingin the time between terminus observations
oritcanbebecause of amismatchin terminus-position picks.d, We setice
pixelsto true wherever downstream-advected and upstream-advected terminus
positions overlap. Map created with Arctic Mapping Tools for MATLAB®* using
geographicoutlines developed in this work.
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Extended DataFig.10|Ice-thickness uncertainty. Errorsinice thickness are estimated on the basis of the source of the thickness data (Methods). The insetin
the right panel matches the insetin Extended Data Fig. 7. Maps created with Arctic Mapping Tools for MATLAB®* using geographic outlines developed in this work.
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Extended DataFig.11|Extrapolated glacier catchments. To properly account areabyupto5kmtofillany gaps near fjord walls. Theinsetin the right panel
for terminus activity that occurred beyond the present-day extents of theice matches theinsetin Extended DataFig.7. Maps created with Arctic Mapping
sheet, we extrapolate 260 glacier catchment regions downstream along our Tools for MATLAB** using geographic outlines developed in this work.
extrapolated flowlines (Extended DataFig. 7) and then dilate each catchment
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