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Interannual variations in meltwater input to the
Southern Ocean from Antarctic ice shelves

Susheel Adusumilli®'™, Helen Amanda Fricker', Brooke Medley ©?, Laurie Padman®3 and

Matthew R. Siegfried ®4

Ocean-driven basal melting of Antarctica's floating ice shelves accounts for about half of their mass loss in steady state,
where gains in ice-shelf mass are balanced by losses. Ice-shelf thickness changes driven by varying basal melt rates mod-
ulate mass loss from the grounded ice sheet and its contribution to sea level, and the changing meltwater fluxes influence
climate processes in the Southern Ocean. Existing continent-wide melt-rate datasets have no temporal variability, introducing
uncertainties in sea level and climate projections. Here, we combine surface height data from satellite radar altimeters with
satellite-derived ice velocities and a new model of firn-layer evolution to generate a high-resolution map of time-averaged
(2010-2018) basal melt rates and time series (1994-2018) of meltwater fluxes for most ice shelves. Total basal meltwater flux
in 1994 (1,090 + 150 Gtyr") was similar to the steady-state value (1,100 + 60 Gtyr™), but increased to 1,570 + 140 Gtyr™' in
2009, followed by a decline to 1,160 + 150 Gt yr in 2018. For the four largest ‘cold-water’ ice shelves, we partition meltwater
fluxes into deep and shallow sources to reveal distinct signatures of temporal variability, providing insights into climate forcing

of basal melting and the impact of this melting on the Southern Ocean.

marily by mass gain from net snow accumulation and mass

loss from basal melting and iceberg calving of its floating ice
shelves. These mass-loss processes act to maintain the ice shelf in
steady state; however, many ice shelves are experiencing net mass
loss' and thinning” due to ocean-driven basal melting in excess of
the steady-state values. Confined ice shelves reduce the speed of
grounded ice flowing into them by exerting back stress from side-
wall friction and basal pinning points, a process called ‘buttressing’.
Excess basal melting in recent decades has reduced buttressing and
increased dynamic mass loss of grounded ice, which has increased
Antarctica’s contribution to sea level rise®.

Ice-shelf melting has been categorized into three modes cor-
responding to distinct oceanographic processes®. Mode 1 melting
occurs at the deep grounding lines of ‘cold-water’ ice shelves and is
driven by inflows of cold, dense high salinity shelf water (HSSW)
that is produced through sea ice formation on the continental shelf’.
Rising plumes of buoyant and potentially supercooled meltwater
(referred to as ice shelf water; ISW) formed from Mode 1 melting
can lead to refreezing downstream, creating a layer of marine ice
on the ice-shelf base®. Mode 2 melting occurs at ‘warm-water’ ice
shelves where a subsurface layer of warm circumpolar deep water
(CDW) or modified CDW (mCDW) is transported into the ice-shelf
cavity. Mode 3 melting occurs near the ice front where seasonally
warmed Antarctic surface water (AASW) can be transported under
shallow ice by tides and other ocean variability. The relative contri-
butions of these modes to total melting are highly variable around
Antarctica, both in space and time, since each mode is influenced
by several external processes, including regional atmospheric and
oceanic conditions and the production and transport of sea ice®"’.

The changing net fluxes and distribution of freshwater from
ice-shelf basal melting influence other components of the climate
system through processes such as the production and extent of sea

| he mass budget of the Antarctic ice sheet is controlled pri-

ice, which modifies the exchange of heat, freshwater and gases (for
example, carbon dioxide) between the atmosphere and Southern
Ocean'"'?; formation of Antarctic bottom water (AABW) that is
a major driver of the global ocean overturning circulation"; and
generation of nearshore coastal currents that advect freshwater and
other tracers to connect different regions around Antarctica'*".
Despite the projected impacts of changes in ice-shelf melting on
Southern Ocean dynamics and global climate variability's, the cur-
rent generation of global climate models such as those used in the
Coupled Model Intercomparison Project'” does not include realistic
representations of meltwater fluxes'®.

Satellite-derived estimates of basal melt rates

Currently, the best available circum-Antarctic datasets for ice-shelf
basal melt rates are derived from Ice, Cloud and Land Elevation
Satellite (ICESat) laser altimetry acquired during 2003-2008'*.
These estimates are 6-yr averages for the satellite’s operational
period, with no information about temporal variability. Although
ICESat’s orbit to 86°S sampled all Antarctic ice shelves, it had
relatively wide cross-track spacing, particularly for the northerly
ice shelves (Supplementary Fig. 1). Existing data therefore cannot
capture critical properties of meltwater fluxes from ice shelves,
such as small spatial scales of melting in channels’** or the large
decadal variability inferred from oceanographic observations in
West Antarctica’.

A sequence of four European Space Agency satellite missions
carrying radar altimeters have continuously acquired ranging data
that allow us to estimate surface height change over Antarctica’s ice
shelves from 1994 to 2018: ERS-1, ERS-2, and Envisat (1992-2010)
to 81.5°S and CryoSat-2 (2010-) to 88°S. CryoSat-2 samples nearly
all ice shelf areas. Its orbit provides much higher track density than
the earlier altimeters (Supplementary Fig. 1), which, together with
its innovative synthetic aperture radar-interferometric mode of
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Fig. 1| Basal melt rates of Antarctic ice shelves estimated using CryoSat-2 altimetry. Rates are averaged over 2010-2018. The units are m of ice
equivalent per year, assuming an ice density of 917 kg m=. The thermal forcing, defined as the temperature above the in situ freezing point of seawater, is
mapped for water depths <1,500 m. For water depths less than 200 m, the seafloor thermal forcing is shown, and for water depths >200 m, the maximum

thermal forcing between 200 m and 800 m is shown (Methods).

operation®, allows us to estimate height changes with higher spatial
resolution and accuracy®. Here, we estimated time-averaged (over
eight years, 2010-2018) basal melt rates on a high spatial resolution
grid (500 m cells) for all ice shelves where sufficient data are avail-
able by combining height changes from CryoSat-2 radar altimetry
with satellite-derived ice velocities and a new model of surface mass
balance and firn state variability (Methods). We then used the con-
tinuous height record from the four altimetry missions to estimate
basal melt rates in 10-km grid cells for every year from 1994 to 2018
for all Antarctic ice-shelf regions where sufficient data are available.

Spatial distribution of basal melt rates

The spatial distribution of time-averaged ice-shelf melt rates around
Antarctica during 2010-2018 (Fig. 1) shows large differences
between cold- and warm-water ice shelves. Cold-water ice shelves
(such as Ross, Ronne, Filchner and Amery) show high melt rates
under deep ice drafts near grounding lines and shallower ice drafts
near ice fronts (Fig. 1, ice draft shown in Supplementary Fig. 2)
separated by zones of refreezing. Warm-water ice shelves such as
those in the Amundsen and Bellingshausen seas typically have high
melt rates, consistent with the higher values of thermal forcing
(temperature above the pressure-dependent, in situ freezing point
of seawater) found near their ice fronts.

Area-integrated meltwater fluxes binned by ice draft for four
cold-water and two warm-water ice shelves (Fig. 2) provide fur-
ther insight into the different modes of melting occurring at differ-
ent locations. Melting for regions of deep ice draft under the large
cold-water ice shelves is dominated by Mode 1 processes. In steady
state, refreezing rates can be high, and about half of all Mode 1
meltwater produced under Ronne Ice Shelf and about a fifth of all
meltwater produced under Amery Ice Shelf is subsequently refrozen

as marine ice. The predicted thickness of marine ice estimated from
our refreezing rates for Ronne and Amery ice shelves agrees well
with independent estimates from airborne radar sounding and sat-
ellite radar altimetry (Supplementary Fig. 3). Refreezing typically
starts at ice drafts that are around 50% of the grounding line depth,
consistent with predictions from idealized models that use buoyant
plume theory***. The ranges of ice draft for regions with refreez-
ing (Fig. 2) also correspond with the approximate depths for the
subsurface plumes of cold ISW found along ice fronts*~*, which
subsequently contribute to the formation of AABW?.

Cold-water ice shelves also have regions of relatively high basal
melt rates under shallower ice drafts along the ice fronts (Figs. 1
and 2), due primarily to Mode 3 melting. Unlike regions undergo-
ing Mode 1 melting that are close to the deep grounding lines where
ice-shelf thinning could substantially reduce buttressing®’’, regions
of Mode 3 melting are typically within the ‘passive ice zones™ that
provide little buttressing to grounded ice. However, the elevated
melt rates contribute to increased ocean stratification along the ice
front that influences cross-front exchanges of ocean heat™ and the
seasonal cycle of sea-ice formation close to the ice front*, both of
which feed back into the seasonal cycle of ice-shelf melt rates™*.

Under warm-water ice shelves, high melt rates are associated with
subsurface flows of CDW and mCDW (Mode 2 melting). Melting in
excess of steady state caused rapid thinning of several warm-water
ice shelves in the Amundsen and Bellingshausen seas sectors during
2010-2018 (Supplementary Fig. 4). For some ice shelves in these
sectors (for example, George VI, Wilkins and Dotson), the highest
rates of thinning occurred in narrow basal channels. Getz Ice Shelf,
the largest single source of meltwater from the Antarctic ice shelves
(Supplementary Table 1), shows excess melting at depths between
250m and 700m (Fig. 2). Warm-water ice shelves outside the
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Fig. 2 | Vertical structure of melting and refreezing rates for selected ice shelves. Depth dependence of area-integrated meltwater flux (2010-2018) per
m of ice-shelf draft (depth of the ice-shelf base below sea level) for six ice shelves (locations shown in Fig. 1). The scale for the horizontal axis is shown
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Warm-water ice shelves are distinguished from cold-water ice shelves by their higher average rates of meltwater production driven by intrusions of warm

CDW or mCDW into the ice-shelf cavity.

Amundsen and Bellingshausen seas sector, such as Totten Ice Shelf
in East Antarctica, do not show substantial rates of excess melting.

Variations in ice-shelf melt rates between 1994 and 2018
Our estimate for net mass loss due to thinning of Antarctic ice
shelves from 1994 to 2018 is 3,960+ 1,100 Gt (Fig. 3a; error range
is the 95% confidence interval). Most of this mass loss was from
the Pacific Ocean Sector ice shelves. For reference, the net loss
of grounded ice from the Antarctic Ice Sheet during 1992-2017
was 2,660+560Gt”. The total meltwater flux, based on the
area-integrated basal melt rate over all Antarctic ice shelves averaged
over 1994-2018, was 1,260 + 150 Gt yr™', which was 160 + 150 Gtyr!
higher than the steady-state rate of 1,100+ 60Gtyr" (Fig. 3b).
Meltwater fluxes varied substantially with time: an increase of
480+210Gtyr™, from 1,090 + 150 Gtyr™ at the start of the record
in 1994 to 1,570+ 140 Gtyr™ in 2009, was offset by a subsequent
decrease of 410+210Gtyr! to 1,160+ 150Gtyr! in 2018. Our
estimate of time-averaged meltwater flux for the ICESat-era
(2003-2008) is 1,500+ 140Gtyr', which is consistent with two
previous ICESat-based estimates of 1,500 +240 Gtyr™ (ref. ') and
1,450+ 170Gtyr! (ref. ). The ICESat-era estimate of meltwater
flux exceeds our 25-yr average by 240+ 210 Gtyr" and exceeds our
steady-state estimate by 400+ 160 Gtyr™', highlighting the impor-
tance of long, continuous records to provide context to results from
individual missions' or between two non-overlapping missions*.
We examined the temporal variability in melt rates from differ-
ent modes of melting for the four largest cold-water ice shelves by
calculating spatial averages over select regions (Fig. 4a—d) of deep
ice draft (Mode 1) and shallow draft (mostly Mode 3). For Ross Ice
Shelf, the timing of the minimum in Mode 1 melt rates in Byrd Inlet
near 2015 is consistent with the 2013-2014 minimum in HSSW
salinity on the Ross Sea continental shelf” and the timescale for
advection of HSSW to Byrd Glacier®. The lower salinity for HSSW
reduces the negative buoyancy driving HSSW under the ice front
and downslope to the deep grounding line of Byrd Glacier, weak-
ening the circulation of HSSW into Byrd Inlet and the resulting
melting. Mode 1 melting of Filchner and Ronne ice shelves has
been hypothesized to have increased following the formation of an
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anomalously large polynya during the 1997-1998 austral summer*.
This hypothesis was based on a sharp decline in ocean temperatures
at an instrumented site (Site 5; Supplementary Fig. 5) on Ronne Ice
Shelf near the southwestern Berkner Island coast between 2000 and
2003, attributed® to increased ISW formation following a period
of high Mode 1 melting. Our data support this hypothesis, with
increased melt rates at deep ice drafts under Filchner Ice Shelf during
1999-2000 and decreased melt rates (including a short-lived transi-
tion to refreezing) at Site 5 between 2000 and 2004 (Supplementary
Fig. 5). Melt rates of Amery Ice Shelf, spatially averaged for deep
ice drafts, varied from near 0 to 6.5myr~', with a maximum value
between 2003 and 2007. We speculate that this maximum could be
associated with a continuous drainage of a ~0.8 km® subglacial lake
under Lambert Glacier between 2003 and 2006*; subglacial dis-
charge is known to drive energetic plumes*>* that increase basal
melt rates near grounding lines.

For Amundsen Sea ice shelves, melt rates showed substantial
variability, with the highest sustained melt rates occurring in the
late 2000s (Fig. 4¢). Variability in Mode 2 melting of Amundsen Sea
ice shelves has been previously identified in ocean observations and
linked to variability in the tropical Pacific at both interannual**
and decadal’ timescales. The magnitude of variability in our esti-
mated melt rates of Dotson Ice Shelf (around 60Gtyr' peak to
trough) is consistent with the variability in independent estimates
of meltwater flux from repeated oceanographic sections along the
ice-shelf front* (Supplementary Fig. 6) but is larger than the vari-
ability expected from an ocean model that used atmospheric forc-
ing from the same period*. Excess basal melting and changes in
ice-shelf extent (Supplementary Fig. 8 and Supplementary Table 1)
in the Amundsen Sea sector between 1994 and 2018 could be due
to alonger-term increase in the thickness of CDW incursions under
ice-shelf cavities associated with atmospheric and oceanic responses
to anthropogenic forcing®.

Our new estimates of time-varying melt rates allows assess-
ment of whether ocean circulation models are adequately repre-
senting the complex feedbacks between water-mass production
and conversion processes acting under the ice shelves and over
the continental shelves offshore. The temporal variability of
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Fig. 3 | Variations in Antarctic ice-shelf mass between 1994 and 2018.

a, Cumulative ice-shelf mass change between 1994 and 2018 for the Pacific
(red), Atlantic (orange), and Indian (blue) ocean sectors of Antarctica,
with shading showing 95% confidence intervals. The region definitions are
shown on the inset map, and the combined total for all ice shelves is shown
in black. b, Meltwater fluxes for 1994-2018 from ocean-driven ice-shelf
basal melting for the same regions. Dashed lines represent meltwater
fluxes in steady state, where the mass of the ice shelves is constant
through time. Total meltwater flux estimates for the ICESat era (grey box)
are averaged between two studies'®?° (width indicates time period, height
indicates 95% confidence interval).

melting in all three modes (Fig. 4) will contribute to changes in the
distribution of different water masses over the Antarctic continental
shelf seas and into the global ocean. The ISW produced through
Mode 1 melting contributes to the formation of particularly cold,
dense forms of AABW?***%*_ Changes in Mode 2 and Mode 3 melt-
ing modify the fluxes of meltwater into the upper ocean in adja-
cent coastal regions'>*". Increased ocean stratification from shallow
sources of cold, buoyant water alters the seasonal cycle of sea ice™
and decreases the potential for deep convection that drives produc-
tion of dense shelf-water types including HSSW. Changes in rela-
tive strengths of these melt modes modify the geostrophic ocean
circulation over the Antarctic continental shelf seas, feeding back
into the transport of ocean heat between coastal sectors and into the
sub-ice-shelf cavities’.

We have produced two new datasets of basal melt rates for nearly
all of Antarctica’s ice shelves. One dataset provides melt rates at
high spatial resolution (500m grid) for most ice-shelf areas, aver-
aged over the period 2010-2018. The second dataset allows for the
evaluation of annual estimates of basal melt rates at lower spatial
resolution (>10km) for the period 1994-2018. Together, these data-
sets reveal large variability in total meltwater fluxes from individual
Antarctic ice shelves, with distinct, regionally variable, signatures
of temporal variability for different modes of ocean-driven melt-
ing. Our data provide insights into the glaciological and climate
drivers of processes that modulate current ice-sheet mass loss, and
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AASW at shallow ice drafts (Mode 3). e, Basal melt rates for Amundsen
Sea ice shelves, which experience melting from inflows of warm CDW
(Mode 2). Gaps in the spatial coverage reflect the sampling of the
altimeters before CryoSat-2.

improved metrics for calibration and validation of melt rates used in
both ice—ocean and Earth-system models.
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Methods

Melt rates from Lagrangian CryoSat-2 analysis, 2010-2018. In a Lagrangian

reference frame (following a parcel of ice), and assuming that the ice shelf is

floating in hydrostatic balance, the net ice-shelf height change (Dh/Dt) observed

using satellite altimetry, where h is the ice-shelf surface height relative to the height

of the ocean surface h,,,, is related to the surface mass balance (M; kgm2yr),

basal melt rate (w,; m of ice equivalent per year), ice shelf divergence (H,V - v; in m

of ice equivalent per year) and changes in firn air content (h,,; m) through®':

Dh_ (py —py) (M Dhaie

Dt ’

Dt Pw

inV-vfwb>+

i

where v is the two-dimensional grid of ice surface velocity vectors (myr™), H, is
ice-shelf thickness in units of m of ice equivalent, p,, is the density of ocean water
(assumed to be 1,028 kgm™) and p; is the density of ice (assumed to be 917kgm™).
Here, H, is given by H,= H- h,,, where H is the total ice-shelf thickness (surface to
base). In the following four sections, we describe the various datasets used in our
estimation of w,, through Equation (1).

Height of the ocean surface. We estimated the height of ocean surface h,,,, as:
hocean = hgeoid + hmat + hot 4 Hive + hie + hgr, (2)

where h,,;, is the height of the EIGEN-6C4 geoid™, h,,, is mean dynamic
topography from DTU13MDT*, h,, is the ocean tide from the CATS2008 tide
model™ (an update to the model described by ref. *°), hy, is a correction for the
inverse barometer effect due to atmospheric pressure variability and is obtained
from the MOG2D dynamic atmosphere correction™, h, is the ocean load tide
estimated using the TPXO7.2 model”, and hy, is the increase in mean sea level
around the Antarctic coast reported by ref. *. Of the terms on the right-hand side
of Equation (2), we only considered temporal variability of h,, by, Iy, and hy,.

Lagrangian height changes. We derived Dh/Dt, following ref. *!, by first
advecting the locations of CryoSat-2 footprints, initially at x;,, to their 2015
locations x using:

2015
X=X + Zto Vao15AL, (3)

where At is 0.01 years. For v,;;, we used ice velocities from a 2015 mosaic derived
from Landsat-8 feature tracking at 300 m posting™. For the ice shelves where

the southern limit of these velocity data (82.4°S) did not include the entire area
(Filchner, Ronne and Ross), we filled in data gaps in the 2015 mosaic using 1996-
2016 mean values from ref. . The velocity data were adjusted to reflect velocities
in the Antarctic polar stereographic projection with a standard parallel of 71° and
a standard longitude of 0°. We converted latitudes and longitudes of CryoSat-2
data into x using the same projection. Using the advected CryoSat-2 data, we
estimated Dh/Dt and associated uncertainties in grid cells at 500 m spacing and

1 km resolution using the ‘plane fit’ technique described by ref. ¢ (their section S1).
We discarded data in a grid cell when the uncertainty in Dh/Dt estimated from the
plane fit was greater than 0.5myr~".

Thickness change due to ice-shelf divergence (H;V - v). We estimated the

H;V - v term in Equation (1) using ice thickness (H,) estimated from CryoSat-2
data following ref. °' but using the advected footprint locations as described in
Lagrangian height changes, above. For V - v, we used strain rate estimates and
associated uncertainties from ref. ©*, based on velocity data collected between 2013
and 2016 north of 82.4°S. Over Filchner, Ronne and Ross ice shelves, these data
did not extend to their southern limits. Therefore, we used values of V - v provided
by ref. ° for Filchner, Ronne and Ross ice shelves.

M, and height changes from firn processes (dh,,/dt). For the M, term, we used
NASA’s global Modern-Era Retrospective analysis for Research and Applications,
Version 2 (MERRA-2)%, which we combined with an offline high-resolution
MERRA-2 ‘replay, denoted M2R12K™, to derive a hybrid product referred to

as ‘MERRA-2 Hybrid. M2R12K is a high-resolution MERRA-2 run (12.5 km)
specifically targeted over the Antarctic and spanning 2000-2014. To maintain the
fine spatial resolution of the M2R12K, its mean seasonal cycle is combined with the
seasonal residuals from the full MERRA-2 period (1980-2019). Thus, MERRA-2
Hybrid combines the fine spatial resolution from M2R12K with the longer time
record from MERRA-2. We used MERRA-2 Hybrid forcings (precipitation minus
evaporation, skin temperature and meltwater flux from a degree-day model) for
simulations of the firn column using the densification equations described in ref. *
implemented in the Community Firn Model® to estimate dh,;/dt*. We refer to
this firn densification model as GSFC-FDMv0, which is calibrated with ~200

firn depth-density profiles from both the Greenland and Antarctic ice sheets

and includes both dry and wet firn processes. We assume that Dh,,/Dt = dh,,/dt
because of the low spatial resolution of the firn model output compared with the
distances over which the CryoSat-2 footprints were advected in the Lagrangian
framework. GSFC-FDMvO0 provides dh,,/dt values at 12.5km spatial posting and
five day temporal sampling’. We interpolated these data in space to the grid cells

at 500 m spacing used to derive Dh/Dt. Details regarding GSFC-FDMvO0 are within
the supplementary materials of ref. **.

Steady-state basal melt rates. We estimated the ‘steady-state’ basal melt rate,
Wi ety T€Quired to keep ice shelves in steady-state mass balance (equivalent to
assuming that there is no net change in H,) using:

(M)

Wh steady = - <V : (Hiv)>7 (4)

i
where () represents the time-average value. There is no temporal variability in
our estimates of W, .- We used the 1994-2018 mean values from the MERRA-2
Hybrid (precipitation minus evaporation: P - E) for M, and assumed that outside
the Amundsen Sea sector there was no change in V - (H; v) in time during our
observation period.

Depth dependence of area-integrated meltwater fluxes. We estimated the
ice-shelf draft, D, the depth of the ice-shelf base below mean sea level, using
D,=pH/p,. For grid cells in which we were not able to estimate H,, we used
values estimated using BedMachine® (Supplementary Fig. 2¢). We then calculated
area-integrated meltwater fluxes as a function of ice-shelf draft D, (Fig. 2) by
integrating w, in discrete bins of D; at 30 m spacing.

Ocean thermal forcing. We define thermal forcing, AT (Fig. 1), as the temperature
above the in situ freezing point of seawater, T, We obtained profiles of ocean
temperature (T) and salinity (S) from the World Ocean Database 2018, then
estimated the values of T;=(T,P), where P is pressure, from the function described
by ref. ® and implemented in the Gibbs SeaWater Oceanographic Toolbox of
TEOS-10%. We only used profiles that satisfied one of the following criteria:

(1) profile extends to at least 800 m in water depth z, deeper than 800 m or

(2) profile extends to within 150 m of the seabed (evaluated from Rtopo2™) for
z,< 800 m. We then determined maximum thermal forcing as the maximum

value of AT in the depth range 200-min(z,, 800) m. The limit of 200 m is designed
to exclude summer-warmed AASW and focus on deeper water masses on the
continental shelf that have access to the cavities under ice shelves; that is, primarily
Mode 1 and Mode 2 melting. For z, <200 m, we take the value of AT at the deepest
point in the profile. The values of AT were then interpolated to a 25-km uniform
polar stereographic grid, with standard latitude and longitude of 71°S, 0°E, using a
bi-cubic distance weighting scheme, modified to increase weightings along

isobath and lower weightings across isobaths, consistent with known strong
barotropic control of circulation over Antarctica’s continental shelves and

along the shelf break’™ ">,

Time series of height change from Eulerian ERS-1, ERS-2, Envisat and
CryoSat-2 analysis. In addition to 2010-2018 mean values of w,, from Lagrangian
analysis of CryoSat-2 data, we estimated time-varying melt rates derived using
Eulerian analysis of height change derived from ERS-1, ERS-2, Envisat and
CryoSat-2 altimetry. We used consistent 10 km grid cells at 1 km posting for all
missions, and data were averaged in time to three-month intervals. To merge
height change data from all four missions to produce a continuous time series
spanning 1992-2018, we only considered grid cells where there were sufficient
valid data from all four missions.

We obtained ERS-1, ERS-2 and Envisat height data (hgyg,,) from refs. 7>,
We corrected hggge,, for change in the ocean surface h,..,, using Equation (2).

We first derived height changes for each mission separately. For each grid cell,
we estimated height changes for each mission if there were at least 15 data points
spanning at least 3 years using:

hers/eny = ho + f(x,y) + met 4 mzs + mgb 4 mof + he(t) (5)

where f(x, y) = myx + may + m3x* + myy? + msxy represents surface
topography,  is time in decimal years, s is a satellite ascending/descending binary
flag (0 or 1), b is backscatter and fis a binary mode flag that is only applied to data
from ERS-1 or ERS-2 on the basis of whether the heights were from ocean-mode
or ice-mode data. The parameters in Equation (4) (hy, m,_,,) were estimated using
arobust linear regression where outliers outside the min(3¢,10 m) range were
discarded in 10 iterations. We estimated standard errors of the regression for each
of the parameters in Equation (5) and discarded grid cells with an error greater
than 0.3 myr ' in mg. The residuals in the linear regression A,(t) were binned in
three-month intervals and contain any temporal signal that is not included in a
linear trend as well as noise.

The height-change rate (dh/dt) estimate for an ice shelf for each individual
mission was then:

dhdn

= - 6
dt m6+dt (6)

We processed CryoSat-2 data using the Eulerian plane-fit technique described
in ref. *' (their section S1) after applying the same geophysical corrections used for
ERS-1, ERS-2 and Envisat data.
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To avoid biases from different spatial sampling, we discarded data from
all grid cells that did not contain height change measurements from all four
missions. For grid cells where sufficient data were available, we then merged
the height-change time series from the four radar altimeters by ensuring
that height-change rate during the time periods with overlapping data was
equal to the average of the height-change rates estimated from each altimeter.
Therefore, we imposed dh/dt = (dhgrs_1/dt + dhggs—»/dt)/2 during
1995-1996, dh/dt = (dhgps_ /dt + dhgay/df)/2 during 2002-2003, and
dh/dt = (dhggs—»/dt + dhgny/dt)/2 during 2010-2011. In addition to a merged
multi-mission dh/dt time series, we obtained a merged height-change time series
h(t) referenced to the height at t=1994 by integrating dh/dt in time.

Influence of surface melting on radar-derived height changes. We found

large decreases in radar-derived height changes between 1992 and 1994 across
Antarctica. In some previous studies*’””, data from this period were excluded

due to this anomalous signal. Using surface-melt data from RACMO (regional
atmospheric model)™ and a positive degree-day model based on MERRA-2%, we
found that this change in radar-derived height change was primarily due to a large
circum-Antarctic surface-melt event in December 1991. This melt event probably
created a bright radar reflector, and its burial following subsequent snowfall was
tracked by the radar altimeter, which caused a downward trend in estimated height.
Due to the large effect of this event across several ice shelves around Antarctica, we
excluded this period in our analysis.

For Ross Ice Shelf, we found large changes in height following anomalous
surface-melt events during the austral summers of 1991-1992, 2002-2003, and
2015-2016. Two of these (1991-1992 and 2015-2016) were the largest surface-melt
events over the ice shelf during the full 1980-2019 MERRA-2 period”. We
accounted for the radar response following such events by estimating a time series
of h,;, using height changes measured over grounded ice adjacent to the floating
ice shelf, following the methodology of ref. °'. We derived height changes over
grounded ice up to 100 km from the ice shelf boundary in grid cells at 5 km spacing
using the plane-fit technique described by ref. 7. Each grid cell had at least 15 data
points spanning a time interval of at least 3 years. We discarded grid cells with an
uncertainty in estimated dh/dt greater than 0.3 m/yr. Since there were too few data
to apply a spatially variable correction over the ice shelf, we followed ref. *' to use a
single time series for the entire ice shelf.

Time series of melt rates. From the merged multi-mission Eulerian height-change
rate time series dh(t)/dt spanning 1994-2018, we derived time series of basal melt
rate anomalies (W, o, relative to the 2010-2018 mean) using:

Ms.anom Pw (dhanom dhair‘anom

Wb.annm(t) = B - Do — P dt - ar ) -V (Hl v)anom (7)

where M; anom; dhanom/df and dh,, ,,,/dt are anomalies (relative to the 2010-
2018 mean) in rates of altimeter-derived height change, firn-air content from
GSFC-FDMv0 and MERRA-2 P-E data, respectively, smoothed to three-month
timescales using a moving average filter. We only considered anomalies in

V - (H; v) for the Amundsen Sea sector, for which we used time-variable estimates
of v from ref. ™ for the 1994-2013 period and from ref. ** for the 2014-2017 period.
Gaps in the time series of V - (H; V)., were filled using linear interpolation. We
produced time series of basal melt rates, w,(t), by adding high-resolution melt
rates from CryoSat-2 analysis (Section S1) to the time series of melt rate anomalies
Wy anom(D). We assume that there was no change in w,, in regions south of 81.5°S, the
orbit limit of the ERS-1, ERS-2 and Envisat satellites.

Uncertainty estimation. We compared GSFC-FDMv0 estimates of dh,,/dt with
previously published estimates from an atmospheric model (RACMO2.3p27°) and
the associated firn densification model (IMAU-FDM*') between 1979 and 2016
(the time period available for RACMO and IMAU-FDM). Using this comparison,
we derived an uncertainty estimate using the combination of (a) sensitivity tests
to quantify uncertainties from the assumption of steady-state climate that is used
to spin up a firn densification model' (Supplementary Fig. 7a) and (2) standard
deviations of differences between GSFC-FDMv0 and IMAU-FDM estimates of
dh,;/dt values during 1980-2016 at GSFC-FDMvO grid cell locations (these values
are shown in Supplementary Fig. 7b for annual timescales, but they are smaller for
the longer timescales typically considered in this study). We assumed that these
uncertainties were Gaussian and uncorrelated, and added them in quadrature.

We estimated uncertainties for all terms in Equation (5) as the uncertainties
from the linear regression and propagated these to h(t) in Equation (6).
Uncertainties in h,(t) were estimated as the standard deviation of heights from the
residuals of Equation (5) within each quarterly bin. Uncertainties in H;V - v were
provided by ref. %, uncertainties in M, were estimated using a moving standard
deviation at annual timescales and the uncertainties in the advection of heights
from Lagrangian processing were not considered; compared with previously
described uncertainty sources, the three sources here represent a substantially
smaller component of total uncertainty.

We propagated these uncertainties to the filtered time series of basal melt rate
using a bootstrap approach. For each ice shelf (or in the case of the top four panels
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of Fig. 4, for regions within large ice shelves), we applied a filter to the average h(t)
time series that included both a gradient and a smoothing operator to estimate
dh/dt. The residuals from the filtered time series were resampled 100 times, and
each sample was combined with Gaussian random noise from the error sources
described previously. These samples were added back to dh/dt and integrated

to produce 100 resampled time series h,,,,(t), which were used to produce 100
time series of dh,,,,,/dt. The standard deviation of dh,,,,/dt provided the final
uncertainty in dh/dt. We estimated uncertainties in melt rates in the eight sectors
around Antarctica by summing the uncertainties from all ice shelves in each sector
in quadrature (Supplementary Table 1).

‘samp!

Estimates of marine ice thickness. We estimated the thickness of marine ice
(H,,,) under Ronne and Amery ice shelves from our steady-state basal melt rate
estimates, Wy, USing™:

dHpm, _ Whbisteady — HpaV - v

& ] ®)

instead of the time-stamped estimate (w,) because the value of H,, is a function of
the accumulation and strain rates of an ice shelf at decadal to centennial timescales.
We generated flowlines for Ronne and Amery ice shelves and solved Equation (8)
using As = |v|At with At=1yr, assuming H,,, =0 at the beginning of the flowline.
Our estimated values of H,,,, for both ice shelves show good agreement with
independent estimates derived by differencing thicknesses derived from satellite
altimetry and from radar sounding*>** (Supplementary Fig. 3).

where H,,,>0 and s represents the distance along a flowline. Here, we use Wi .q,

Changes in iceberg calving rates. We have so far only considered temporal
variability in ice-shelf mass and meltwater flux due to changes in ice-shelf basal
melt rates relative to steady-state values. However, ice-shelf hydrofracture in the
Antarctic Peninsula® and excess iceberg calving rates due to long-term dynamic
thinning of Amundsen Sea* have also contributed to net ice-shelf mass loss

and increases in meltwater export to the upper ocean in recent decades. We
estimated net mass loss due to changes in ice-shelf extent from ice-shelf thickness
estimates generated using elevations from the ERS-1 geodetic phase (1994-1995)
for regions where ice-shelf areas decreased; these were excluded from previous
thickness estimates®. We estimate a net mass loss of 1,650 4200 Gt from Antarctic
Peninsula ice shelves during our record (Supplementary Fig. 7) due to the
hydrofracture-induced collapse of Larsen A, Larsen B and sections of Wilkins ice
shelves®**. In addition, net retreat of Thwaites, Pine Island and Getz ice shelves in
the Amundsen Sea contributed to a combined net mass loss of 1,230+ 70 Gt. The
combined mass loss from excess calving of Antarctic Peninsula and Amundsen Sea
sector ice shelves was 2,880 +210 Gt, which is comparable to our circum-Antarctic
mass loss estimate of 3,960 + 1,100 Gt from thinning ice shelves (Fig. 3a).

Data availability

ERS-1, ERS-2, Envisat and CryoSat-2 radar altimetry data are available from the
European Space Agency (ERS-1 and ERS-2 data from ftp://ra-ftp-ds.eo.esa.int/,
Envisat data from ftp://ra2-ftp-ds.eo.esa.int/ and CryoSat-2 level-2 SARIn-mode
data from ftp://science-pds.cryosat.esa.int/SIR_SIN_L2). We provide two datasets
at https://doi.org/10.6075/J04Q7SHT: (1) basal melt rates at high spatial resolution,
posted on a 500 m grid, for the period 2010-2018 and (2) changes in height from
satellite altimetry, firn air content from GSFC-FDMv0 and precipitation minus
evaporation from MERRA-2 at 10-km grid cells and three-month intervals

for 1994-2018; (2) can be used to estimate time-varying basal melt rates

using Equation (7).

Code availability

The Matlab, Python and shell scripts used for the analyses described in this study
can be obtained from the corresponding author upon reasonable request. Code
to read and visualize the derived data products described in this manuscript, and
to reproduce the major elements of Figs. 1 to 4, is available at https://github.com/
sioglaciology/ice_shelf_change.
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Supplementary Figure 1: Spatial sampling of satellite laser and radar altimeters. Spatial
sampling of heights measured using CryoSat-2 (2010—present), Envisat (2002-2012), and
ICESat (2003-2009) altimetry over (a) Totten Ice Shelf, East Antarctica, and (b) Ross Ice Shelf.
The southern orbit limit of Envisat is visible in (b), and the orbit limits for the three altimeters
are shown in the inset figures, with locations of each site shown by the black box. Some Envisat
tracks sampled areas slightly south of its nominal orbit limit (81.5°S) during Phase 3 from 2010

until the end of its mission in 2012.
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Supplementary Figure 2: Key ice observations across Antarctic ice shelves. Panels (a—¢) are
for the CryoSat-2 (2010-2018) period. (a) High resolution ice shelf basal melt rates in m of ice
equivalent per year (same values as Figure 1, with a different color scale); (b) ice-equivalent
thickness change in m of ice equivalent per year; (c) precipitation minus evapotranspiration in m
of ice equivalent per year; (d) change in firn air content in m of air per year; (e) ice draft from
CryoSat-2 with data gaps filled in using BedMachine®’; and (f) bathymetry around Antarctica
from BedMachine. Color range for (d) is scaled to be consistent with the scale for (a,b) after

hydrostatic adjustment (red values indicate a positive change in firn air content).
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Supplementary Figure 3: Estimates of marine-ice thickness. Marine-ice thickness under
Ronne and Amery ice shelves estimated using satellite-derived steady-state basal melt rates (left)
using the methodology of ref. 3 described in Section S7. We used bicubic interpolation to extract
values along three profiles (A-A’, B-B’, C-C’) to compare them against independent estimates

from airborne radar sounding from refs. 3485,
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Supplementary Figure 4: Key ice observations of Amundsen and Bellingshausen Sea ice
shelves. Amundsen Sea and Bellingshausen Sea ice shelf (a) basal melt rates in m of ice
equivalent per year, (b) ice draft, and (c) thickness change in m of ice equivalent per year for the

CryoSat-2 period (2010-2018). Individual ice shelves are identified on panel (a).
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Supplementary Figure 5: Basal melt rates at Site 5. Basal melt rates at deep ice drafts for

Filchner Ice Shelf and at observation Site 5 near the southwestern Berkner Island coast of Ronne
Ice Shelf. Temporal variations of basal melting in both regions are influenced by processes in the
Weddell Sea north of the ice shelves, but are not directly linked*’. Time series are smoothed with

a low-pass filter with a three-year cutoff.
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Supplementary Figure 6: Basal melt rates for Dotson Ice Shelf. Satellite-derived annual basal
melt rates (in gray) for Dotson Ice Shelf (see Figure S4a for location) from this study compared
to estimates from eight oceanographic sections near the ice front (in red)*. To aid visual
comparison, we interpolated (in black) the raw time series to the timestamps of the

oceanographic measurements.
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Supplementary Figure 7: Uncertainties in changes in firn air content. Uncertainties in
changes in firn air content in m of firn air per year at annual time scales. (a) Uncertainty from
steady-state assumption in climate for firn model spin-up!. (b) Uncertainty arising from
resolution and errors in model physics, estimated as the differences between the outputs from the
GSFC-FDMVvO (forced by the MERRA-2 atmospheric model with mean climate from the
M2R12K replay) and the IMAU firn densification model forced by the RACMO2.3p2 regional
atmospheric model®?. Grounded-ice basins are from ref. °!. These uncertainties represent an

upper bound and are lower at the longer time scales typically considered in this study.
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Supplementary Figure 8: Changes in extent of Antarctic Peninsula and Amundsen Sea
sector ice shelves. 1994-2018. Ice-equivalent thickness data from the ERS-1 geodetic phase
(1994/1995) are shown for regions that were covered by open ocean or sea ice at any time during
the CryoSat-2 period. We only show regions with heights above mean sea level greater than 10

m (Figure 1).



Basal melt rate, 1994-2018 | Meltwater flux, 1994-2018 Excess meltwater flux, Meltwater flux, 2010-2018
Ice Shelf Area (kml) Latitude | Longitude (mlyr) (Gtlyr) 1994-2018 (Gtlyr) (Gtlyr)
George VI 22755 -72.39 -70.24 43 £ 22 888 + 457 164 + 457 824 + 457
Bach 4444 -72.05 -71.82 32 £ 21 3.1 £ 85 32 £ 85 18 £ 85
Wilkins 10390 -70.40 -71.73 27 £ 34 261 £ 320 25 £ 320 232 £ 320
Stange 7397 -7329 -76.64 37 £ 21 254 £ 142 72 £ 142 259 £ 142
Venable 3037 -73.11 -87.33 51 £ 20 143 £ 55 76 £ 56 103 £ 55
Abbot 27461 -72.94 -94.78 15 + |5 37.1 + 38l 85 + 38 379 + 382
Bellingshausen 75484 - - 30 £ 1.0 2048 + 69.7 453 = 69.7 191.4 = 69.7
Cosgrove 2964 -73.56 -100.33 10 £ 15 27 + 4l 00 £ 4.1 42 £+ 41
Pine Island 5950 -74.83 -100.79 140 £ 16 766 + 86 158 £ 86 760 + 87
Thwaites 3352 -75.08 -106.16 267 + 24 8l9 + 74 e £ 74 8l.l £ 74
Crosson 2932 -75.03 -11051 78 £ 18 209 £ 49 108 + 49 179 £ 49
Dotson 5657 -74.70 -11292 54 £ 16 282 + 85 136 £ 85 261 + 85
Getz 32114 -7446 -124.49 42 £ 14 1241 £ 409 614 + 409 1226 £ 409
Amundsen 52969 - - 69 + 09 3345 + 437 1132 + 437 3279 + 438
Land 587 -75.58 -141.43 204 + 27 1o £+ 15 23 £ 15 109 £ 15
Nickerson 6001 -7581 -145.84 12 = 14 65 £ 79 01 = 79 80 = 79
Sulzberger 11229 -77.08 -148.58 15 + 13 157 £ 133 16 + 133 185 £ 133
Withrow 341 -77.15 -157.17 33 £ 18 10 + 06 00 £ 06 09 £ 06
Ross West 198293 -80.37 -160.13 03 £ 04 458 + 683 -324 £ 683 266 + 692
Ross East 135261 -80.70 168.59 03 £ 04 343 + 452 -402 £ 452 310 £ 453
Drygalski 2168 -75.38 163.16 19 + 09 38 £ 17 05 £ 1.7 38 + 17
Nansen 1835 -74.86 163.15 16 = LI 28 £ 18 03 + I8 22 £ 18
Mariner 2354 -7332 168.09 I+ 17 23 £ 36 -03 + 36 24 £ 36
Ross 358068 - - 04 + 03 123.3 + 835 -68.7 + 835 1043 + 842
Moscow University 4145 -66.88 121.07 74 £ 21 283 + 80 38 + 80 258 + 80
Rennick 3123 -70.61 161.69 19 = 14 55 £ 39 I3 £ 39 57 £ 39
Cook 3408 -68.54 15278 13 = 16 39 £ 51 -1.0 + 5. 46 + 5.1
Mertz 3243 -67.30 145.19 50 £ 24 148 = 7.1 12 = 71 138 £ 7.1
Holmes 1717 -66.76 12726 133 £ 29 209 £ 45 06 £ 45 177 + 45
Totten 6078 -67.05 I16.12 IS5 £ 20 640 £ 110 84 + 110 594 £ 110
Shackleton 26182 -66.06 97.90 18 + 19 440 = 448 128 + 448 407 + 448
West 15306 -66.96 85.00 14 + 18 201 £ 25.1 29 + 251 157 £ 251
Wilkes 63202 - - 35 £ 09 2014 + 541 30.0 + 54.1 183.5 + 54.1
Amery 60228 - - 08 + 07 45.6 + 40.0 -2.5 + 40.0 489 * 399
Prince Harald 4067 -69.24 3525 23 £ 19 86 £ 72 0l £ 72 74 £ 7.1
Brunt_Stancomb 34573 -75.10 -2251 06 = 08 180 £ 246 02 £ 246 173 £ 247
Riiser-Larsen 42644 -7291 -1531 05 £ 08 194 £ 300 32 + 300 162 + 300
Quar 2076 -71.20 -10.86 04 £ 08 07 £ 16 02 £ 16 09 £ 16
Ekstrom 6754 -71.05 -8.55 10 + 12 64 + 72 10 = 72 64 + 72
Baudouin 32789 -69.96 2847 10 £ 10 288 + 29. 08 £ 29.1 345 + 29.1
Borchgrevink 21368 -70.32 2038 08 £ 10 155 £ 203 30 £ 203 144 £ 203
Lazarev 8456 -69.92 14.45 08 = 08 63 £ 62 19 + 62 74 £ 63
Fimbul 40600 -70.57 1.55 10 + 08 362 + 290 05 + 290 327 + 29.1
Nivl 7275 -70.25 1129 (A= 70 + 72 06 £ 72 74 £ 72
Vigrid 2071 -7023 833 12 £ 10 23 £ 18 02 = 18 23 £ 19
Atka 1780 -70.61 -6.84 10 £ 12 16 + 19 03 £ 19 15 £ 19
Jelbart 10756 -70.97 -4.33 10+ Il 99 £ 113 16 + 113 99 £ 113
Queen Maud 215208 - - 08 = 03 160.7 = 62.8 126 + 62.8 1584 + 62.8
Ronne 311968 -78.96 -65.57 02 £ 04 472 = 1193 105 £ 1193 212 £ 1199
Filchner 83304 -80.56 -41.02 04 £ 04 342 + 296 -3+ 296 335 + 296
Filchner-Ronne 395271 - - 02 = 03 8l.4 = 1229 92 * 1229 548 + 1235
Larsen D 18282 -70.72 -61.64 18 + 19 308 + 313 39 = 313 353 + 318
Larsen C 42384 -67.33 -63.44 20 £ 25 779 £ 987 159 £ 987 646 + 988
Larsen B 1985 -65.87 -61.82 22 £+ 23 39 £ 42 1.6 + 42 39 + 42
Larsen 75800 - - 1.6 + I|.5 1127 + 103.6 214 + 103.6 103.8 + 103.8
All ice shelves 1296230 - - I.I_+ 0.l 12643 + 1474 160.5 + 1474 1173.1 + 1485

Supplementary Table 1: Basal melt rates (in m/yr) and meltwater fluxes (in Gt/yr) of ice
shelves surveyed in this study. Steady-state mass fluxes can be estimated as the difference
between the mean mass flux between 1994 and 2018 and the excess mass flux during the same

period. Uncertainties are 95% confidence intervals.



	s41561-020-0616-z
	Interannual variations in meltwater input to the Southern Ocean from Antarctic ice shelves

	Satellite-derived estimates of basal melt rates

	Spatial distribution of basal melt rates

	Variations in ice-shelf melt rates between 1994 and 2018

	Online content

	Fig. 1 Basal melt rates of Antarctic ice shelves estimated using CryoSat-2 altimetry.
	Fig. 2 Vertical structure of melting and refreezing rates for selected ice shelves.
	Fig. 3 Variations in Antarctic ice-shelf mass between 1994 and 2018.
	Fig. 4 Time-dependent basal melt rates for different modes of melting.


	41561_2020_616_MOESM1_ESM



