
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 allowedmore
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 Greenlandmass 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
strongconnectionsbetweenchanges ingrounded
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 enhancedmoisture flux frommarine 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 themargins, 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−1 (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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Antarctic mass increases due to accumulation, 
and decreases due to ablation in response to 
climate warming[1] 
But ice dynamics can also change mass balance, 
as evidenced in the Siple Coast, where ice flow 
piracy and the shutdown of Kamb Ice Stream has 
led to continuing ice mass increases over 170 
years later[2] 

Could similar ice flow piracy occur from the 
Totten to the Vanderford Glacier as the climate 
warms? 

Felicity S. McCormack1, Jason L. Roberts2, Bernd Kulessa3,4,5, Alan Aitken6,7, Christine F. Dow8,9, Lawrence Bird1, 
Benjamin K. Galton-Fenzi2,5,10, Katharina Hochmuth5, Richard S. Jones1, Andrew N. Mackintosh1, and Koi McArthur8

Totten Glacier dominates present-day mass loss,  
but Vanderford Glacier is rapidly retreating. 
Ice and basal water flow piracy to Vanderford could 
impact the timing of future rapid mass loss events.  
Following up steps: coupled ice sheet-subglacial 
hydrology modelling to investigate timing and 
implications of ice and basal water flow piracy.

what this means

Aurora Subglacial  
Basin [ASB]

Vanderford  
Glacier

Totten  
Glacier

Kamb shutdown  
mass gain

Figure: ice surface elevation change, 2001-2018, from ICESat [5]what we did
Using the Ice-sheet and Sea-level System Model (ISSM)[3], we generated 
steady-state ice sheet surface elevations, resulting from:  

- Increases in surface mass balance in the Totten Catchment 
representing 1, 2, …, 7°C warming (expSMB)[4] 

- Increases in dynamic thinning in the Vincennes Bay Catchment  
of equivalent magnitude as the SMB experiments (expFriction) 

- Combination of expSMB and expFriction (expComb)

Figure: Surface elevation change fields generated using ISSM for (a) expSMB; (b) expFriction; (c) expComb. 

what we found
The drainage divide between Totten and Vanderford migrates 
under minor changes in thickness due to climate perturbations. 

This leads to ice and basal water flow piracy towards Vanderford 
Glacier, with up to 42% increase in discharge at Vanderford. 

Figure: catchment divide migration and driving stress changes for  1°C surface elevation perturbations in 
(a) expSMB; (b) expFriction; (c) expComb. The Vincennes Bay catchment area increases in all cases. 

Figure: basal water routing in (a) 
expSMB; (b) expFriction. Red line 
shows hydrological catchment. 

Basal water piracy 
“switches” at a 
critical change in ice 
thickness ~200 km 
upstream of Totten’s 
present-day 
grounding line
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