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ICE SHEETS

Pervasive ice sheet mass loss reflects competing
ocean and atmosphere processes
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Quantifying changes in Earth’s ice sheets and identifying the climate drivers are central to
improving sea level projections. We provide unified estimates of grounded and floating ice

mass change from 2003 to 2019 using NASA’s Ice, Cloud and land Elevation Satellite (ICESat)
and ICESat-2 satellite laser altimetry. Our data reveal patterns likely linked to competing climate
processes: Ice loss from coastal Greenland (increased surface melt), Antarctic ice shelves
(increased ocean melting), and Greenland and Antarctic outlet glaciers (dynamic response

to ocean melting) was partially compensated by mass gains over ice sheet interiors

(increased snow accumulation). Losses outpaced gains, with grounded-ice loss from Greenland
(200 billion tonnes per year) and Antarctica (118 billion tonnes per year) contributing

14 millimeters to sea level. Mass lost from West Antarctica’s ice shelves accounted for more

than 30% of that region’s total.

bservations of ice sheet mass change are
essential to our understanding of pres-
ent and future sea level change (I-3).
Ice sheets gain mass through snow accu-
mulation and lose it through three pro-
cesses: surface melt runoff (Greenland, 50 to
65%), iceberg calving (Antarctica, ~50%, and
Greenland, 15 to 25%), and basal melting of
floating ice shelves (Antarctica, ~50%) and
tidewater glaciers (Greenland, 15 to 25%)
(4-6). The net balance between these com-
peting processes largely dictates decadal to
centennial ice sheet contributions to sea level
and depends on interactions between ice,
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ocean, and atmosphere. Surface meltwater
runoff, basal melting, and precipitation are
all expected to increase in a warming climate,
which has been observed for both ice sheets
(7, 8). In Greenland, with a sea level potential
of ~7 m, enhanced surface melt has resulted in
widespread thinning of the ablation zone (9),
and thinning and retreat of tidewater glacier
fronts have led to accelerated flow (10), in-
creased discharge toward the ocean (6), and
near-coastal thinning (17-13) owing to increased
flux divergence. In Antarctica, with a sea level
potential of ~58 m, changes in ocean heat con-
tent linked to changes in Southern Hemisphere

ICESat-2: 4 months
~460,000 measurements

o
&

Inset [D]
© Crossover
e ICESat data
= ICESat-2 data

surface height comparison c
is done at the survey crossover

points (red). ICESat-2's small

footprint and dense along-track

spacing [(D), to scale], combined °
with its repeat-track mission
design, will result in the most
precise measurements of height-
change rates available to date.

g
S

§

Elevation (m)
<

fallb] s

1500m

Smith et al., Science 368, 1239-1242 (2020) 12 June 2020

atmospheric conditions (74) have enhanced
basal melting of ice shelves, causing them to
shrink (15, 16), which has reduced their but-
tressing capability and has led to increased ice
discharge into the ocean (17-20). Despite rapid
advancement in our ability to observe the ice
sheet response to climate change, observation
of ice mass changes associated with atmo-
spheric and ocean forcing of the ice sheets with
a self-consistent data set has been challeng-
ing. We used measurements from NASA’s Ice,
Cloud and land Elevation Satellite (ICESat;
2003-2009) and ICESat-2 (2018-2019) mis-
sions to resolve precise patterns of ice sheet
height change, which when combined with a
new firn model provide a combined estimate
of total grounded and floating mass change
from both ice sheets. Although loss of floating
ice makes no direct contribution to sea level, it
directly affects the rate of ice flow into the ocean.
Patterns of change in floating and grounded ice
together reveal the spatial signatures of the
atmospheric and ocean processes that lead
to grounded ice loss.

Satellite radar and laser altimeters have col-
lected nearly continuous measurements since
the early 1990s, providing one of the longest
records of ice sheet change and revealing broad
patterns of mass change across both ice sheets
(21, 22). In Antarctica, grounded ice changes
have been qualitatively linked to floating ice
shelf changes, but altimeter studies have all
considered grounded ice (7, 23) and floating
ice (I, 16) separately. The resulting differences
in instruments, methodologies, and study pe-
riods can obscure connections between pro-
cesses in grounded and floating ice, so a unified
estimate of, for example, the ratio between
grounded and floating ice loss has not been
straightforward. Compared with radar altim-
etry, laser altimetry has the advantage of defin-
itive measurement of the ice sheet surface with
minimal subsurface penetration and the ca-
pability for accurate measurements over the
steeper sloping ice sheet margins. ICESat,
Earth’s first polar-orbiting satellite laser altim-
eter, sampled the surface with small (~60 m)
footprints and fine sampling (172 m), but re-
sults from that mission alone span only the
short (6 years) duration of the mission. Subtle

!Polar Science Center, Applied Physics Laboratory, University
of Washington, Seattle, WA, USA. °Scripps Institution of
Oceanography, University of California, San Diego, La Jolla,
CA, USA. 3Jet Propulsion Laboratory, California Institute of
Technology, Pasadena, CA, USA. “Cryospheric Science
Laboratory, NASA Goddard Space Flight Center, Greenbelt,
MD, USA. ®Department of Earth and Space Sciences,
University of Washington, Seattle, WA, USA. ®Department of
Geology, Amherst College, Amherst, MA, USA. “Earth System
Science Interdisciplinary Center, University of Maryland,
College Park, MD, USA. ®Department of Geological Sciences,
University at Buffalo, Buffalo, NY, USA. °KBR, Greenbelt, MD,
USA. °Department of Geophysics, Colorado School of Mines,
Golden, CO, USA.

*Corresponding author. Email: besmith@uw.edu

1 of 4

020z ‘02 1900190 uo /A0 Bewadualds aaualds//:dny woly papeojumoq


http://science.sciencemag.org/

RESEARCH | REPORT

changes in the ice sheet interiors have been
difficult to capture because of measurement
uncertainties [time-varying biases in radar al-
timetry (2) and ICESat (24)]. When integrated
over the vast ice sheet area, these biases can
overwhelm small, but important, changes in
ice sheet mass balance from either trends in
precipitation or long-term imbalance between
ice flow, accumulation, and runoff ().

NASA’s next-generation laser altimeter
ICESat-2 was designed to eliminate many of
these problems. Launched 15 September 2018,
ICESat-2’s laser has a high sampling rate (0.7 m
along-track), narrow footprint (~14.5 m), and
near-global coverage (+88° latitude) repeating
every 3 months, with a six-beam geometry that
enables instantaneous cross-track slope deter-
mination (fig. S1). We compared ICESat-2 data
(October 2018 to February 2019) with data
from the ICESat mission (September 2003 to
October 2008), which sampled a more coarsely
spaced set of tracks to £86° latitude (Fig. 1A)
(25). Height-change estimates from these in-
struments cover all of Greenland and 95% of
Antarctica. We removed the influence of local
topography between missions by extracting
height-difference measurements only at loca-
tions where the two sets of tracks cross (Fig. 1,
C and D). Because both measurements come
from laser altimeters, they are not strongly
biased by subsurface scattering and retain
their accuracy in sloping coastal regions. After
aggregating the difference measurements
into a regular grid, we estimated height-change
rates and applied several corrections to ob-
tain equivalent changes in mass, including
a customized firn correction, state-of-the-art
glacial isostatic adjustment, elastic compen-
sation of Earth’s surface, ocean tides, and in-
verse barometer effect (25). We restricted our
ice shelf analysis to areas that were covered by
ice shelves throughout both missions, so the
ice shelf mass changes directly associated with
changes in ice shelf extent are excluded from
our estimates.

In Greenland, we found strong thinning that
extends around the entire coastline (Fig. 2),
which decreases inland, giving way to thicken-
ing at elevations between 2000 and 2500 m

in western and southern Greenland and at
elevations closer to 1500 m in the northeast.
The largest thinning rates were between 4 and
6 m year ' in Jakobshavn and Kangerlussuaq
glaciers, whereas the largest inland thicken-
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Fig. 2. Mass loss from Greenland Ice Sheet (2003 to 2019). (Top) Mass change for Greenland (meters of
ice equivalent per year). (Bottom) Mass changes around the margin. Map and ice margin mass change have
been smoothed with a 35-km median filter for improved visualization.

Table 1. Comparison of mass loss 2003 to 2019 for floating and grounded ice by region. SLE potential data are after (44): Greenland, East Antarctica
(EAIS), West Antarctica (WAIS), and the Antarctic Peninsula (AP) (fig. S8). Cumulative ice loss and gain between 2003 and 2019 are provided in sea level

equivalent (SLE) units.

Change in mass over time (Gt year™)

Sea level rise potential (m)

Total SLE 2003-2019 (mm)

Floating ice Grounded ice
Greenland N/A -200 + 12 7.4 8.9
EAIS 106 + 29 90 £ 21 51.1 -4.0
WAIS -76 + 49 -169 + 10 5.6 7.5
AP -14 £ 28 -39+5 05 1.7
Antarctica 15+ 65 -118 + 24 57.2 5.2
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in the northeast (table S2). The low-elevation
thinning is associated with both atmospheric
and ocean processes: an increase in surface
melt owing to a combination of increases in
both air temperatures and exposure of bare
ice during the summer (26-28). At the same
time, the combination of increased surface
melt and warmer ocean temperatures has led
to enhanced submarine melting of submerged
glacier termini (29, 30) and has allowed more
rapid calving by reducing the presence of rigid
mélange in the fjords (31), each of which have
increased glacier velocities and ice discharge
into the ocean. With the exception of the north-
east, every sector of the ice sheet lost substan-
tial mass during our period of investigation.
Some of the highest Greenland ice mass
losses are in the northwest and southeast sec-
tors, where strong dynamic changes took place
shortly after the start of the ICESat mission
(32). The recent acceleration in ice loss from
Northeast Greenland (33) appears more lim-
ited in extent and magnitude and has less im-
pact on the total mass balance. Despite the
record-setting discharge rates of Jakobshavn
Isbrae (34), its contribution is only around
10% of the Greenland mass loss between 2003
and 2019, in part because the rapid mass loss
due to its acceleration in the late 1990s (35)

declined with the slowing and thickening of
the lower part of the glacier between 2013 and
2018 (36). Overall, loss of solid ice around the
margins outpaced lower rates of snow gain
distributed across the interior.

In Antarctica, we see broad-scale patterns
that are the fingerprints of two competing cli-
mate processes: snow accumulation and ocean
melting. These processes occur on different
spatial and temporal scales (Fig. 3) and exhibit
strong connections between changes in grounded
and floating ice in West Antarctica and the
Antarctic Peninsula. The “background” pattern
is one of subtle thickening along the steep
slopes of the Antarctic Peninsula and around
the coast to Queen Maud Land, East Antarc-
tica, where gains decrease with distance from
the ocean, which is indicative of snow accu-
mulation in excess of that needed to balance
flux divergence due to ice flow. This is likely
due to enhanced moisture flux from marine air
masses, but our measurements only provide
an upper bound on the duration over which
this may have occurred. Superimposed on this
is a pattern of dramatic, ongoing mass loss
around the margins, especially in the Amund-
sen and Bellingshausen regions of West Ant-
arctica, which is likely in response to rapidly
shrinking ice shelves. Ice shelf thinning in the

Amundsen Sea has been attributed to an
increase in atmospheric-driven incursions
of modified Circumpolar Deep Water under
the ice shelves, enhancing ocean-induced melt-
ing of marine-based basins (14, 16). Similar
patterns may be emerging for marine-based
outlet glaciers of East Antarctica, such as
at Denman Glacier (Fig. 3), where a deep sub-
glacial canyon and a retrograde slope may
drive unstable retreat (37). The three large
cold-water ice shelves (Ross, Filchner-Ronne,
and Amery) have smaller rates of height
change, but there are striking internally
driven changes where the stagnant Kamb
Ice Stream (38) and slowing Whillans Ice
Stream (39) starve downstream Ross Ice Shelf
of mass input (locations are provided in fig.
S8). In contrast to West Antarctic ice shelves,
East Antarctic ice shelves gained 106 + 29 Gt
year™! (Table 1).

The most substantial floating-ice losses
occurred along the Amundsen-Bellingshausen
region of West Antarctica and the Antarctic
Peninsula. A basin-by-basin comparison be-
tween floating and grounded ice loss allows
us to quantify the link between rapidly thin-
ning ice shelves and grounded-ice loss in these
regions; for example, 53% of mass loss from
the Getz Ice Shelf basin (basin 20), 29% from
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Fig. 3. Mass loss from Antarctica (2003 to 2019).

(Top) Mass change for Antarctica. (Bottom) Mass changes

at the grounding line. Highest mass loss rates are in West Antarctica
and Wilkes Land, East Antarctica. Map and

grounding line mass change have been smoothed with a

35-km median filter for improved visualization.
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the Thwaites basin (basin 21), and 61% from the
George VI Ice Shelf basin (basin 24) was from
ice shelf mass loss. Overall, 31% of West Antarctic
ice loss for 2003 to 2019 (76 + 49 Gt year ") was
from the ice shelves, whereas the remaining
69% (169 + 10 Gt year™) was from the grounded
ice feeding those ice shelves (Table 1 and table
S1); for the Antarctic Peninsula, 27% of the mass
loss was from floating ice.

Considering only grounded ice (for sea level
contribution), our data show pervasive mass
loss around the margins of Greenland, West
Antarctica, and the Antarctic Peninsula, par-
tially offset by mass gains in East Antarctica
and central Greenland. Our mass loss rates of
118 + 24 Gt year ! from Antarctica and 200 =+
12 Gt year™" from Greenland imply a total sea
level contribution of 14 + 1 mm over the 16-year
period (Table 1). Compared with a compilation
of mass-change estimates for a similar time
span (2002 to 2017) (2), our Antarctic esti-
mates are consistent (within reported errors)
for the Antarctic Peninsula and for the whole
ice sheet but significantly more positive for
East Antarctica (90 + 21 versus 2 + 37 Gt year ™)
and significantly more negative for West
Antarctica (-169 + 10 versus -124 + 27 Gt year ™).
For Greenland, our estimate is consistent with
rates derived from a compilation of techniques
that extends through 2018 (40) but is signifi-
cantly more positive than some rates calculated
from mass-flux techniques between 2003 and
2018 (-200 + 12 versus -268 + 14 Gt year™)
(41). Another recent mass-flux-based esti-
mate (42) gives modestly larger loss rates for
Greenland (-233 + 12 Gt year ), with differ-
ences that arise in part because that estimate
includes mass changes in peripheral ice and
tundra that our study excludes. Because our
estimates of height change have smaller in-
strumental biases than those of previous laser-
altimetry estimates, our results suggest that
earlier disagreement between some input-
output and altimetry estimates (7, 8) was at
least partially due to negative biases in the input-
output estimates. Despite this, our results show
that the mass gains in East Antarctica are not
sufficient to offset the rapid mass losses from
West Antarctica and the Antarctic Peninsula,
so that Antarctica’s contribution to sea level
change is unambiguously positive.

We estimated height changes for both ice
sheets (grounded and floating ice) from NASA’s
ICESat and ICESat-2 laser altimetry missions
(2003 to 2019). Applying new corrections to
convert from height to mass change, we gen-
erated maps of mass changes for the ice sheets.
Our maps highlight complex localized patterns
of ocean-induced changes near the coast where
inland ice is responding to increased frontal
melt and ice shelf thinning by flowing faster,
leading to increased flux divergence and sur-
face lowering, with the strongest signals in
the Amundsen and Bellingshausen coasts of

Smith et al., Science 368, 1239-1242 (2020)

Antarctica. Mixed signals, including the effects
of surface melting and ocean-driven velocity
changes, are apparent around the coasts of
Greenland. We also see more subtle thicken-
ing across the vast interiors of the ice sheets,
likely in response to increased snowfall, where
the precision of measurements of height change
by previous altimeters limited inferences of mass
change. For both ice sheets, these patterns re-
sult from the interplay between the ocean and
atmosphere; ultimately, high-elevation gains are
greatly outmatched by low-elevation dynamic
losses, combined with enhanced surface melt-
ing in Greenland.

Our unified estimates of grounded and
floating ice sheet mass change show that over-
all, Greenland lost 200 + 12 Gt year, while
Antarctica lost a total of 103 Gt year™’, with
118 + 24 Gt year ! from grounded ice and a
small net gain of 15 + 65 Gt year ' from ice
shelves. Together, the ice sheets contributed
~14 mm sea level equivalent to the global
oceans over that 16-year period (8.9 mm from
Greenland and 5.2 mm from Antarctica). In
‘West Antarctica, ice loss from ice shelves (which
does not directly contribute to sea level change)
accounted for 31% of the total mass loss, and all
West Antarctic marine basins with ice grounded
below sea level (which are sensitive to flow
instabilities and whose losses directly contrib-
ute to sea level change) are out of balance.
Given the susceptibility of ice shelves and float-
ing glacier termini to changing atmospheric
and oceanic conditions, and of grounded ice
to shrinking ice shelves (43), we can expect
increasing contribution from both Greenland
and Antarctica to sea level rise on relatively
short (decadal to centennial) time scales.
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Taking stock of our losses

Earth's ice sheets are melting and sea levels are rising, so it behooves us to understand better which climate
processes are responsible for how much of the mass loss. Smith et al. estimated grounded and floating ice mass
change for the Greenland and Antarctic ice sheets from 2003 to 2019 using satellite laser altimetry data from NASA's
ICESat and ICESat-2 satellites. They show how changing ice flow, melting, and precipitation affect different regions of ice
and estimate that grounded-ice loss averaged close to 320 gigatons per year over that period and contributed 14
millimeters to sea level rise.
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