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ABSTRACT OF THE DISSERTATION

Satellite observations of atmosphere-ice-ocean interactions around Antarctica

by

Susheel Adusumilli

Doctor of Philosophy in Oceanography

University of California San Diego, 2020

Professor Helen Amanda Fricker, Chair

Ongoing increases in global sea level, projected to continue through the 21st century,

have widespread impacts on coastal communities and infrastructure. Uncertainties in model

projections of Antarctic Ice Sheet mass represent a major contribution to uncertainties in

projected sea level rise. Many modelling studies have identified the important role of climate
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variability in driving ice sheet change; however, there have not been sufficient observational
studies on the impact of this variability on the ice sheet.

The Antarctic Ice Sheet is vast, and remote; therefore, satellites are the only feasible
instruments with which we can measure changes in ice mass. In particular, satellite radar and
laser altimeter measurements of changes in ice sheet height are a valuable tool to monitor
changes in mass of both grounded ice and floating ice shelves. In this dissertation, we use
satellite altimetry together with other ancillary datasets to identify the influences of variability in
atmospheric and oceanic conditions on ice sheet mass.

We demonstrate of how satellite radar altimetry data can be used to identify the climate
drivers ice shelf change during 19942016 in the Antarctic Peninsula, a region that has changed
rapidly during that period. In the western Antarctic Peninsula, the rates of ocean-driven basal
melting exceeded values required to maintain constant mass. Extending this analysis to all
Antarctic ice shelves, we find large interannual variability in the total volume flux of freshwater
due to basal melting exported into the Southern Ocean, with the highest values occurring during
the late 2000s from ice shelves in West Antarctica. Finally, we demonstrate how laser altimetry
can be used to monitor large changes in snowfall at seasonal time scales over the grounded
portion of the West Antarctic Ice Sheet during the 2019.

The results described in this dissertation together highlight the value of satellite altimetry
in observing variability in ice sheet mass at seasonal to interannual time scales. We expect that
they will help improve model projections of sea level rise through a better understanding of the
processes driving ice sheet change, and by providing improved constraints on the current state of

the atmosphere-ice-ocean system.
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Chapter 1

Introduction

1.1 Motivation: the role of Antarctica in the Earth system
1.1.1 Contribution of the Antarctic Ice Sheet to global sea level rise

Global sea level has been increasing since the early 1900s (e.g., Oppenheimer et al.,
2020). The largest contributions to sea level are from ocean thermal expansion (e.g., Zanna et al.,
2017) and losses of land-based ice in glaciers (e.g., Zemp et al., 2019), the Greenland Ice Sheet
(e.g., The IMBIE Team, 2020), and the Antarctic Ice Sheet (e.g., The IMBIE Team, 2018).
Around 11% of the world’s population currently live in coastal areas below 10 m of elevation,
and are vulnerable to coastal flooding from sea level change (e.g., Merkens et al., 2017). There is
an increasing need to develop strategies that mitigate the impact of rising sea levels on coastal
communities, ecosystems, and infrastructure; for example, the city of New York was forced to
initiate the implementation of an extensive coastal protection system after an extreme sea level
event due to Hurricane Sandy in 2012 led to damages worth over 19 billion USD (Rosenzweig
and Solecki, 2014).

Developing effective mitigation strategies for future sea level rise requires precise and
accurate projections. However, projections of the 21st-century evolution of the ice sheets are
highly uncertain, which translates to large uncertainties in the estimates of future rates of sea
level rise that are delivered to policymakers (e.g., Oppenheimer et al., 2020). The Antarctic Ice
Sheet, in particular, represents the largest source of uncertainty: a recent study on future
Antarctic ice loss using a wide range of model simulations (DeConto et al., 2021) suggests a

global sea-level contribution of 6 to 20 cm by 2100 under a +1.5 °C global mean warming



scenario and a contribution of 5 to 45 cm under a +3°C global mean warming scenario. For
context, over 150,000 California residents and 30 billion USD of property are directly impacted
by flooding from a 100-year storm combined with a SLR of just 25 cm relative to the 2000
values (Barnard et al., 2019). Even modest ice sheet change, within the current best projections,
therefore has severe societal consequences through both the frequency and magnitude of coastal
flooding.

Unknowns in the processes driving ice gains and losses lead to high uncertainties in
future projections of ice sheet change, which can be mitigated through improved observational
constraints on ongoing changes. Using satellite data, we can now observe changes in the ice
sheet at seasonal to decadal time scales; however, most previous studies using these data have
only reported the total change that occurred over the satellite record and did not consider
temporal variability. Identifying temporal variability in climate at seasonal to multidecadal time
scales, and incorporating it into ice sheet models is important because variability in climate
forcing amplifies uncertainty in projections of sea level rise and increases the likelihood of

worse-case scenarios (Robel et al., 2019).

1.1.2 The role of Antarctic meltwater in the climate system

In addition to the future sea-level rise impacts, meltwater from Antarctic ice loss can
substantially influence local and global climate and ocean processes. Changes in the production
of meltwater (e.g., Jourdain et al., 2020) are not considered in the Coupled Model
Intercomparison Project models, which has been shown to introduce a significant bias into the
climate projections used by the [IPCC (Bronselear et al., 2018). The projected increase in

meltwater is expected to cool and freshen the surface of the ocean near the coast, which leads to



an increase in the concentration of sea ice (e.g., Bintanja et al., 2013). However, freshening of
surface waters leads to increased transport of warm water towards the continent rather than
towards the surface, which can trigger feedbacks that drive further increases in melting (e.g.,
Bronselear et al., 2018). Variability in meltwater modulates the supply of nutrients to Antarctic
continental shelf surface waters, which has a large influence on biological productivity in the
Southern Ocean (e.g., Gerringa et al., 2012). As such, understanding the processes that drive ice
sheet change, and ensuring their realistic representation in models, is a high priority across polar

science disciplines.

1.2 Dynamics of the Antarctic Ice Sheet
1.2.1 Mass balance of the Antarctic Ice Sheet

The Antarctic Ice Sheet gains mass mostly from snowfall over its interior where the ice
sheet is ‘grounded’ (i.e., the ice sheet is in contact with the bed). As the accumulated ice flows
towards the coast due to gravity, some portions of the ice sheet start floating on top of the ocean;
these are called ‘ice shelves’ (Figure 1). In this dissertation, the term “ice sheet” refers to the
combination of grounded and floating ice. The ice sheet loses mass primarily in coastal areas due

to iceberg calving at the front of ice shelves, and ocean-driven melting at the ice-shelf base.

1.2.2 Ice shelf buttressing

Ice shelves experience resistive forces through contact with their surrounding
topography, which helps reduce the velocity of grounded ice flowing into them relative to the
case where there is no ice shelf. This process is known as “buttressing” (e.g., Thomas, 1979;

Goldberg, 2017). A reduction in ice shelf thickness or extent can lead to a decrease in buttressing



and increased rates of grounded-ice flow into the ocean, adding to sea level rise (Figure 2). The
impacts from reduced buttressing can be exacerbated by positive feedback mechanisms such as
the marine ice sheet instability (e.g., Schoof, 2007), which can lead to rapid and sustained ice
sheet retreat. The influence of ice-shelf buttressing was dramatically illustrated in the Antarctic
Peninsula after the disintegration of a large fraction of Larsen B Ice Shelf in 2002, which was
followed by a 2- to 6-fold increase in the speed of glaciers that were flowing to the portion of the
ice shelf that collapsed (e.g., Scambos et al., 2004). In the past few decades, several ice shelves
have experienced thinning (e.g., Pritchard et al., 2012; Paolo et al., 2015), and mass loss from the
grounded ice sheet is highest in regions where there is ice shelf thinning downstream (Smith et
al., 2020, reproduced in Figure 3). This provides further evidence for the hypothesis that reduced
ice shelf buttressing has led to ongoing dynamic mass loss of grounded ice; this process has also

been reproduced in modelling studies (e.g., Gudmundsson et al., 2019).

1.2.3 Drivers of ice sheet change over the past century

The highest rates of mass loss over the past few decades have been observed over the
Pine Island and Thwaites Glaciers in West Antarctica (e.g., Smith et al., 2020; Figure 2). The ice
shelves that these glaciers flow into have experienced thinning and reductions in extent because
the rates of ocean-driven basal melting exceeded the value required to maintain constant ice shelf
mass (e.g., Pritchard et al., 2012; Smith et al., 2017). Changes in basal melt rates in this sector
are in part due to changes in the volume of warm circumpolar deep water (CDW) influx into the
ice shelf cavities (Dutrieux et al., 2014; Nakayama et al., 2019), driven by winds over the
continental shelf (e.g., Thoma et al., 2008). Changes in winds over the continental shelf primarily

reflect climate variability in the tropical Pacific Ocean (Steig et al., 2012), superimposed on a



longer-term trend over the last century due to anthropogenic forcing (Holland et al., 2019;
reproduced in Figure 4). High rates of ice shelf thinning in the past few decades occurred during
periods with anomalously strong eastward winds, hypothesised to have driven higher influx of
warm CDW under ice shelf cavities; such periods are increasing in frequency due to the trend
from anthropogenic forcing (Figure 4). At interannual time scales, El Nifio conditions in the
tropical Pacific have typically led to anomalously strong eastward winds over the continental
shelf that drove increased basal melt and precipitation, while La Nifia conditions led to reduced
basal melt and precipitation (Dutrieux et al., 2014; Paolo et al., 2018). Therefore, changes in
climate at interannual to multidecadal time scales have a major influence on the mass balance of
the Antarctic Ice Sheet. Improved observational constraints on temporal variability of ice sheet
change are required to identify climate drivers and to identify ways to improve model treatment

of processes linking climate variability to ice sheet dynamics.

1.3 Satellite remote sensing of ice sheet change

Satellites are the only viable observational tools for measuring Antarctic-wide ice sheet
change. Changes in the ice sheet are typically measured using satellite-based observations of
velocity, gravity, or height. Measurements of ice velocity derived by tracking features in satellite
imagery (e.g., Joughin et al., 2003) can be combined with estimates of ice thickness from
airborne radar sounding to calculate ice flux (e.g., Gardner et al., 2018). The difference between
the surface accumulation or runoff over any portion of the ice sheet, typically obtained from
atmospheric models, and the flux of ice leaving that portion determines the regional mass
imbalance. The advantage of this technique is that it can be used to estimate the dynamic

contribution to mass change without additional datasets (e.g., Rignot et al., 2019). However,



because of a lack of continuous observations of ice velocity and thickness, estimates of mass
change covering the entire ice sheet derived using this technique are only available over basin-
averaged spatial scales at annual or longer temporal sampling.

Measurements of gravity through the Gravity Recovery and Climate Experiment and its
follow-on mission have been available since 2003 with a short gap during 2017-2018 (e.g.,
Tapley et al., 2019). These measurements can be used to estimate changes in ice mass at monthly
time scales (e.g., Velicogna et al., 2019), and represent the highest temporal resolution data
currently available for ice sheet wide analysis. However, they cannot be used to estimate changes
in mass over the floating ice shelves, and have difficulty resolving changes over coastal areas.

Estimates of ice sheet height from satellite altimeters have been available over a large
fraction of Antarctica since 1992, and three altimeters in particular (ICESat, which operated
during 2003-2009, CryoSat-2, which launched in 2010 and ICESat-2,which launched in 2018)
provide near complete coverage of the ice sheet. These data can be used to measure variability in
the ice sheet at seasonal to decadal time scales; however, most studies that have used satellite
altimetry have, with some exceptions (e.g., Paolo et al., 2018), limited analysis to the total
change that occurred over the satellite record. Further details on satellite altimetry, including its

strengths and weaknesses, are provided in Chapter 2.

1.4 Summary of dissertation

In this dissertation, we describe the use of satellite radar and laser altimetry data to
measure temporal variability in ice sheet change between 1994 and 2020, and to identify the
associated oceanic and atmospheric drivers. In Chapter 2, we describe the satellite altimeters that

operated in near-polar orbits during 1994-2020 and introduce the basic data processing



techniques used in our work. In Chapter 3, we combine satellite radar altimetry and airborne
laser altimetry collected over ice shelves in the Antarctic Peninsula between 1994 and 2016 with
models of the near-surface firn layer to identify the drivers of observed changes. We describe the
techniques used to combine radar altimetry data from multiple satellite missions and to isolate
the contributors to changes in ice shelf height and mass at interannual to decadal time scales. In
Chapter 4, we expand these techniques to all Antarctic ice shelves, using them to estimate
changes in ocean-driven basal melt rates, also at interannual to decadal time scales, between
1994 and 2018. We also develop data processing techniques to extract melt rates at high spatial
resolution from CryoSat-2 radar altimetry data for the 2010-2018 period. These data provide
insights into the spatial and temporal variability of freshwater fluxes into the Southern Ocean
from ice-shelf melting. In Chapter 5, we used measurements of changes at the snow surface
using ICESat-2 laser altimetry data to highlight the large influence of extreme precipitation on
grounded ice at seasonal time scales. We focus in particular on the role of Atmospheric Rivers
making landfall over the West Antarctic Ice Sheet in 2019, most of which delivered large
quantities of precipitation during short time intervals. In Chapter 6, we provide a summary of the
research presented in this dissertation and describe how it has contributed to our knowledge of

mass balance processes of the Antarctic Ice Sheet.
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Figure 1: Schematic of the Antarctic Ice Sheet and the Southern Ocean near the coastline.
The Antarctic Ice Sheet gains mass primarily from snowfall over its interior where the ice sheet
is ‘grounded’ (i.e., the ice sheet is in contact with the bed). As the accumulated ice flows towards
the coast due to gravity, some portions of the ice sheet start floating on top of the ocean; these
are called ‘ice shelves’ (Figure 1). The ice sheet loses mass primarily in coastal areas due to
iceberg calving at the front of ice shelves, and ocean-driven melting at the ice-shelf base.
Changes in ice sheet mass can be estimated through observations from an earth-observing (EO)
satellite. Figure by Jennifer Matthews, Scripps Institution of Oceanography.



Figure 2: Reduced buttressing due to ice shelf thinning increases the rate of grounded ice
discharge. Thinning of a confined ice shelf increases longitudinal stress and ice flux near the
grounding line, speeding up the discharge of grounded ice into the ocean. Figure by Jennifer
Matthews, Scripps Institution of Oceanography, reproduced from Gudmundsson et al., 2019.
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Figure 3: Rate of mass change of the Antarctic Ice Sheet during 2003-2019 (Smith et al., 2020),
including integrated rate of grounded-ice mass change estimates for each basin (Mouginot et al.,
2019) in Gigatons per year (Gt/y). Ocean thermal forcing (temperature above the in situ freezing
point) is from Adusumilli et al., (2020). Sea level equivalents for various basins around
Antarctica, representing the amount of global sea level rise if all ice were lost from the basin, are
from Tinto et al., (2019). The box offshore Pine Island and Thwaites shows the location of the
Pine Island/Thwaites troughs, over which we show changes in winds in Figure 4.
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Figure 4: Changes in zonal winds due to natural variability and anthropogenic forcing
drive changes over Pine Island Glacier and Thwaites ice shelves (modified from Holland et
al., 2019). Changes in zonal winds are shown over Pine Island/Thwaites troughs, using a box
whose location is shown in Figure 3. Winds are from: (1) The Community Earth System Model
Pacific Pacemaker (CESM PACE) 20 member ensemble for 1920-2013 (Deser et al., 2017) and
(2) The ERAS reanalysis for 1979-2020 (Hersbach et al., 2020). Positive winds represent
eastward winds (westerlies), which can drive a higher influx of warm circumpolar deep water
(CDW) under the Pine Island and Thwaites ice shelf cavities (e.g., Thoma et al., 2008). The
influence of changes in CDW on melt rates can be measured using basal melt rates using satellite
altimetry, which are only available from 1994 onward, and therefore capture only a snapshot of
the full temporal variability in the system. Geological evidence was used to constrain times prior
to the satellite record during which Pine Island Glacier Ice Shelf retreated (Smith et al., 2017).
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Chapter 2

Satellite altimetry over the Antarctic Ice Sheet

2.1 Basic principle of satellite altimetry

Satellite altimeters make precise measurements of the travel time for a pulse of
electromagnetic radiation generated by the altimeter to reach the Earth’s surface and return to the
satellite. The altimeters used in this dissertation can be broadly classified into laser and radar
altimeters depending on the frequency of radiation used to illuminate the target on the ground.
The two-way travel time, combined with the knowledge of the altitude and pointing of the
satellite relative to the Earth’s surface, can be used to make precise estimates of the height of the
reflecting surface in that reference frame after accounting for propagation delays in the
atmosphere (for laser and radar altimeters) and the ionosphere (for radar altimeters). In this
Chapter, we provide background and context for the instruments and processing techniques to
identify the contributors to changes in height over the ice sheet, including the floating ice

shelves, derived using radar altimetry in Chapters 3—4 and laser altimetry in Chapter 5.

2.2 Satellite altimeters operating in near-polar orbits

Although there have been several satellite missions with onboard altimeters, the orbits of
many satellites do not have the inclination necessary to provide adequate coverage over the
Antarctic Ice Sheet. In this dissertation, we focus on satellite altimetry data from five polar-
orbiting satellites: ERS-1 (1992—-1996), ERS-2 (1995-2003), Envisat (2002-2012), and CryoSat-
2 (ongoing, launched 2010), ICESat (2003—2009), and ICESat-2 (ongoing, launched 2018)

(Figure 1).
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We do not consider data from several altimetry missions that are available over the
Antarctic Ice Sheet. The Seasat operated altimeter during 1978 and its southern orbit limit was
72° S, which covered some northern parts of Antarctica (e.g., Fricker and Padman, 2012), but did
not overlap in time with other altimetry data. Although it was the precursor to all altimetry over
ice, we do not use it here because we focus on estimating a continuous time series of height. We
also did not consider more recent altimeters like Sentinel 3A/B (e.g., McMillan et al., 2019) and
Altika (e.g., Otosaka et al., 2019) that fully overlap in time with CryoSat-2, because CryoSat-2

allows for increased coverage and more accurate height retrievals over the ice sheet.

2.2.1 ERS-1, ERS-2, and Envisat

The ERS-1, ERS-2, and Envisat satellite missions operated between 1992 and 2012 and
included on-board radar altimeters operating at 2.2 cm wavelength (Ku-band). These altimeters
functioned by sending a radar pulse, whose duration is determined by the inverse of the
bandwidth of the radar “chirp” (e.g., Rapley et al., 1985; Rees, 2013). The altimeter then
received and timed the return echo from the Earth’s surface. ERS-1/-2 and Envisat are “pulse-
limited” altimeters, because the total area on the ground from which the pulse is reflected
depends not on the width of the beam, but on the duration of the compressed pulse (Rapley,
1990). The returned power is typically shown in a power-vs-time curve, called a “waveform”
(Figure 2). For surfaces covered with water, the shape of the waveform is determined mainly by
surface properties and the antenna power pattern (e.g., Brown, 1977); however, for ice sheets,
where the radar signal can penetrate through the snowpack, waveform shape is also influenced
by sub-surface, (or volume), scattering (e.g., Ridley and Partington, 1998; Partington et al.,

1989). The height of the surface is typically estimated by tracking a location on the rising slope

17



(the “leading-edge slope”; Figure 2) of the waveform (e.g., Martin et al., 1983; Davis, 1997); this
is called “retracking”. The area under the waveform, also known as the backscatter, is typically
used to infer the effects of surface and volume scattering on the waveform (e.g., Wingham et al.,
1998).

Longer pulse durations allow for improved retrieval over complex terrains such as ice
(e.g., Rapley et al., 1983); however, the retracked height has lower resolution because the
waveform is stored within the same number of echo samples, or “range gates" (e.g., Cadzow,
1973). ERS-1/-2 operated in two modes (e.g., Scott et al., 1994) and stored data in 64 range
gates, with a resolution of either 3 ns (1.7 km footprint, “ocean mode”) or 12.1 ns (3.4 km
footprint, “ice mode”). Envisat operated in three modes and stored data in 128 range gates, with
a resolution of either 3.1 ns (“fine mode”, 1.7 km footprint), 12.5 ns (“medium mode”, 3.5 km
footprint), or 50 ns (“coarse mode”, 7 km footprint). Unlike for ERS-1 and ERS-2, where mode
switches were triggered through ground command, Envisat mode switches were made
automatically through onboard processing (e.g., Roca et al., 2009).

The pulse repetition frequency (PRF) of an altimeter represents the number of pulses
emitted by the instrument per second, and in part determines the sampling rate of the instrument
in the along-track direction. ERS-1 and ERS-2 had a PRF of 1024 Hz, and Envisat had a higher
PRF of 1795 Hz. Envisat collected about 75% more data than ERS-1/-2 due to the increased
PRF, and sampled heights spaced at intervals of around 400 m on the surface. All three satellites
were primarily in orbits with an inclination of around 98.5° (representing coverage up to 81.5°S)
with a repeat period of 35 days. Exceptions to that include periods with 3-day repeats for ERS-1
(Dec. 1991 to Mar. 1992 and Dec. 1993 to Apr. 1993), with 168-day repeats for ERS-1

(Geodetic Phase, Apr. 1994 to Mar. 1995), and with an inclination drift for Envisat (after Oct.
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2010). In Chapter 3, we use a time series of height changes from ERS-1, ERS-2, and Envisat
provided by Paolo et al. (2015, 2016). In Chapter 4, we reprocessed data from these satellite
missions to take advantage of improved datasets available through the Reprocessing of Altimeter

Products for ERS (REAPER) product (Brokley et al., 2017).

2.2.2 CryoSat-2

CryoSat-2 utilises a similar Ku-band instrument as the previous radar altimeters;
however, improvements in engineering and orbit allow for estimates of height changes at better
accuracy, resolution, and coverage over ice shelves. The altimeter on CryoSat-2 operates in three
measurement modes. Over the ocean and flat portions of the ice sheet, the altimeter operates in
Low Resolution Mode (LRM), where the measurement technique is similar to that of previous,
“conventional” altimeters, with a 3.1 ns pulse duration, 128 range gates, and a PRF of 1970 Hz
(ESRIN/MSSL, 2013). However, in areas with more complex terrain, the altimeter operates in
Synthetic Aperture Radar (SAR) mode, where it emits 64 pulses in a burst lasting 3.5 ms, with
bursts spaced 11.7 ms apart. The distance between each of the 64 pulses on the ground is around
250 m in the along-track direction, and each location on the ground is measured by more than
one burst (Raney, 1998); data from several bursts can be averaged using a technique called
“multilooking” to reduce noise (Wingham et al., 2004). This results in a footprint that is around
250 m long in the along-track direction and pulse-limited in the across-track direction. Over even
more complex terrain, CryoSat-2 uses SAR Interferometric (SARIn) mode, where return echoes
are received by two antennas separated by about 1 m. The differences in the signal phases
between the returns from the same 250 m strip can be used to estimate the origin of the echo

within the strip, allowing for improved knowledge of the location of the satellite’s point of
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closest approach at which height is retrieved (Galin et al., 2013). The interval between bursts is
increased from 11.7 ms in SAR mode to 46.7 ms in SARIn mode, which results in a lower along-
track sampling rate.

CryoSat-2 offers a large improvement in coverage over the Antarctic Ice Sheet compared
to previous radar altimeters. Its inclination is 92°, allowing for coverage up to 88°S, which
includes all ice shelf areas. However, due to data transfer limitations, the satellite only operated
in SARIn mode over ice shelves and margins of the grounded ice sheet, but operated in LRM
mode over other grounded ice regions. CryoSat-2 also had a long repeat interval (369 days),
which led to closer spacing between tracks (Figure 4-S1). In Chapter 3, where we only consider
ice shelves, we use SARIn data from CryoSat-2 provided through the “Baseline C” product to
extend the time series of height change from ERS-1/-2 and Envisat altimetry provided by Paolo
et al., (2015, 2016). In Chapter 4, where we also only consider ice shelves, we took advantage of
the improved spatial coverage of CryoSat-2 to estimate height changes at high spatial resolution
in a Lagrangian reference frame that advects with ice-shelf flow (e.g., Moholdt et al., 2014). A
new CryoSat-2 “Baseline D” data product, which incorporates major changes that improved
height retrievals over ice, is now available (Meloni et al., 2020). However, we did not use

Baseline D data in this dissertation because they were not available at the time of the analyses.

2.2.3. Ice, Cloud, and land Elevation Satellite

The Ice, Cloud, and land Elevation Satellite (ICESat) operated between 2003 and 2009 and
carried a laser altimeter (the Geoscience Laser Altimeter System; GLAS). GLAS used an
infrared laser (1064 nm wavelength) to provide precise estimates of surface height (e.g., Zwally

et al., 2002). The altimeter transmitted a pulse whose waveform resembled a Gaussian, and
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returns were measured using a detector and waveform digitizer that recorded the time-varying
optical power as waveforms (e.g., Abshire et al., 2005). The return waveform from smooth
surfaces also resembled a Gaussian in cases where there was minimal detector saturation. The
PRF was 40 Hz, which represents measurements every ~170 m on the ground, and the footprint
had a diameter of ~65 m (e.g., Schutz et al., 2005).

ICESat operated in a polar orbit with a 94° inclination, allowing for coverage up to 86°S,
which includes all Antarctic ice shelves. One of the three lasers onboard GLAS failed after less
than two months from launch, after which the altimeter was operated in “campaign mode”
between Oct. 2003 and Oct. 2009 to preserve the life of the remaining two lasers. In this mode,
data were acquired for 17 campaigns, with repeats 2 to 3 times per year along the ground tracks
of a 33 day subcycle of the 91 day repeat orbit. Because repeats were offset by hundreds of
meters in the across-track direction, studies of ice-sheet height change typically used data from
several repeat tracks together to account for the impact of surface slope on height change
estimates (e.g., Pritchard et al., 2009). We do not process data from ICESat in this dissertation;
however, we use results from previous studies to provide context for the radar-derived height

changes over ice shelves described in Chapters 3 and 4.

2.2.4. Ice, Cloud, and land Elevation Satellite-2

The Ice, Cloud and land Elevation Satellite-2 (ICESat-2), launched in 2018, carries a
photon-counting laser altimeter (the Advanced Topographic Laser Altimeter System; ATLAS).
ATLAS was designed to provide estimates of surface height using three pairs of green laser
beams at 532 nm wavelength, split from a single laser operating with a tunable pulse energy of

250-1400uJ and a 10 kHz PRF (Sawruk et al., 2013; Martino et al., 2019). The ICESat-2 laser
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operates at a lower power than the ICESat laser, and is therefore expected to last longer. On the
ground, the two beams within a beam pair are separated by ~90 m and each beam pair is
separated by ~3.3 km (Figure 3). Each beam has a footprint of ~11 m (Magruder et al., 2020).
One beam in a beam pair (the “strong” beam) is transmitted at an energy four times that of the
other (the “weak” beam). The returned photons are detected using a photomultiplier tube, in
which single photons will trigger a detection (Yang et al., 2019). These photons are then time-
tagged and geolocated. The transmitted pulses are spaced on the ground by ~70 cm in the along-
track direction; however, most data products use some form of averaging in the along-track

direction to improve the signal-to-noise ratio.

ICESat-2’s orbit inclination is 92°, allowing for coverage up to at least 88°S. During
typical operation over Antarctica, the central beam pair straddles a reference ground track
(RGT), and data are collected along the same RGTs every 91 days. Each ICESat-2 cycle
constitutes data collection for all of its 1387 RGTs over a 91-day period. The accurate pointing
of the altimeter to the same RGTs and the small uncertainty in the location near the ice surface
from which the photons are reflected together allow for precise and accurate height change
estimates (Smith et al., 2019). The six beam, repeat-track configuration allows us to estimate
accurately the contribution of surface slope toward along-track height changes from three beam
pairs using a single repeat, which was not possible using previous altimeters. ATLAS started

pointing to the RGTs in March 2019, before the acquisition of data over RGT 1 in Cycle 3.

In Chapter 5, we use ice sheet elevations provided through the ATLO06 data product
(Smith et al., 2020b). ATLO06 aggregates data in the along-track direction into segments 40 m

long spaced at 20 m intervals (Smith et al., 2019). In regions with low surface slope, ATL06 data
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have been shown to be accurate to within 3 cm, with a precision less than 9 cm (Brunt et al.,

2019).

2.3 Contributors to ice shelf heights and height changes

For floating ice, our goal is to isolate the contribution of ocean-driven basal melting to
altimeter-derived height changes. This first requires estimating ice shelf heights relative to the
ocean surface. Estimates of ice shelf height from satellite altimetry are typically provided relative
to the World Geodetic System 1984 (WGS84) ellipsoid and are corrected for atmospheric delays,
earth tides, pole tide, equilibrium tide, and ocean load tide. We can convert heights relative to

WGS84 (hyygsss) to heights relative to the ocean surface (h) using:

h = hwg584 - hgeoid - hmdt - hot - hdaC' (1)

where hgeoiq18 the height of the geoid above the WGS84 ellipsoid, h,,4¢ the mean dynamic

topography (MDT; the height of the time-mean sea surface relative to the geoid), h,; the ocean

tide, and h;,. the dynamic atmosphere correction (DAC).

In this dissertation, we use the EIGEN-6C4 geoid (Forste et al., 2014) and the DTU13
mean dynamic topography (Andersen et al., 2016). We use heights due to ocean tides (h,;)
provided by the CATS2008 circum-Antarctic tidal model (Howard et al., 2019; an update from
Padman et al., 2002), which incorporates more observations over ice shelves compared to other
models. We use the Mog2D Dynamic Atmosphere Correction (DAC; Carrére et al., 2016) to
obtain heights due to atmospheric forcing (h;,.)- Mog2D includes the influence of changes in
atmospheric pressure through the inverse barometer effect (e.g., Padman et al., 2003) and

shorter-duration (<20 day) changes due to wind forcing (Carrére and Lyard, 2003). In some data
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products, heights due to tides and atmospheric forcing are already accounted for in height
estimates; in that case, we remove the correction already applied and replace it with the data
products described here. There are other contributors to h from ocean variability, such as that
from long-term sea level rise near the Antarctic margins (e.g., Rye et al., 2014). We apply a
correction for sea level rise, but do not consider other sources of variability because of the lack

of observations of water-column thickness changes below ice shelves.

Equation 1 is only valid for ice shelf regions that are in hydrostatic balance. Height
changes over ice shelf regions that are not hydrostatically compensated, such as grounding zones
(e.g., Fricker and Padman, 2006), requires both reliable models of changes in water-column
thickness, and a model of the interaction between the ice shelf and water-column thickness. For
grounding zones, we mitigate this challenge by not considering heights retrieved from within a
fixed distance from the grounding line (Section 3.6); however, there are models of elastic flexure
in the literature that can be used to estimate ice-shelf height changes due to flexure (e.g.,

Vaughan, 1995) that should be considered in future studies.

2.3.1 Relative magnitudes of contributions to height change and residual uncertainties

The above corrections must be made to convert the altimeter-derived estimate of height
above the ellipsoid into an accurate estimate of height above the ocean surface. The relative
magnitudes and uncertainties of each of these corrections, and their residual uncertainties are
shown in Table 1. Some of these corrections have large magnitudes and are static in time (e.g.,
MDT, geoid), and can be removed using a model, and so do not contribute to temporal changes
in height. Ocean tides also have large magnitude, and represent the largest contribution to height

changes over short time periods. However, tide modeling is mature and outputs from tide models
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have smaller uncertainty compared to other contributions (Padman et al. 2018); these
uncertainties can be further reduced by averaging height estimates over long periods (e.g., > 1 yr)

of time.

The largest remaining unmodeled contributions to uncertainty in height changes are
changes in firn air content (for radar and laser altimetry) and from biases in signal penetration
into the snowpack (for radar altimetry). Uncertainties in both contributions have not yet been
adequately characterized, but can exceed 1 m and have been shown to be time-dependent.
Previous studies, such as Paolo et al. (2016), have shown that the depth of radar signal
penetration is 4-5 times lower over ice shelves compared to the rest of the ice sheet due to
warmer surface temperatures leading to larger grain sizes and the presence of melt layers. In
Chapter 3, we attempt to characterize the influence of variable radar signal penetration by
comparing coincident height change estimates from radar and laser altimetry over Antarctic
Peninsula ice shelves. In Smith et al. (2020) and Chapter 4, we estimate the uncertainty from
changes in firn air content by comparing outputs from two independent firn models, GSFC-FDM

and IMAU-FDM.
2.3.2 Estimating changes in ice shelf mass

The primary goal of our ice shelf altimetry studies is to estimate the changes in ice shelf
mass by correcting the altimetry-derived height changes for all other contributors. We use the
ice-equivalent thickness of an ice shelf (H;), defined as mass of the ice shelf divided by the

typical ice density p;= 917 kg m™, as a proxy for ice shelf mass:

1 [Sur face

H; 0(z) dz,

Qi Jpase
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where p(2)is the depth-dependent density of the ice shelf. This can be rewritten using the total

ice thickness from surface to base (H) and an integral over only the firn layer:

0 =H — (1_9(2)

firn i

) dz = H — hgy,

where hg;,-is defined as the firn air content (e.g., Ligtenberg et al., 2011). By assuming
hydrostatic equilibrium, we can estimate H;using the corrected heights h and the firn air content

using:

Q
H; = Pw V_VQL (h - hair)'

where g,, is the density of the ocean. Assuming that p,,and g; are constant in time, we can take
the derivative on both sides and rearrange to derive an expression for the various contributors of

altimeter-derived changes in ice shelf height above the ocean surface in an Eulerian reference

frame:
Oh _ Ohgir Pw — Piy OH;
at ot +( pi ) at’ @)

2.3.3 Changes in firn air content

Isolating the contribution of ice-equivalent thickness changes (dH;/dt) to altimeter-
derived height changes (0h/dt) requires a correction for changes in the air content of the firn
column (0h,;,-/0t; Equation 2) due to surface processes such as snowfall, snowmelt, and firn
compaction. In Chapter 3, we used dh,;,- /0t from the Institute for Marine and Atmospheric
research Utrecht firn densification model (IMAU-FDM, Ligtenberg et al., 2011). However,

outputs from IMAU-FDM were not updated in time for the analyses reported in Chapters 4 and
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5. In Chapters 4 and 5, we used the Goddard Space Flight Center firn densification model
(GSFC-FDM) to estimate dh;,-/dt. GSFC-FDM simulates changes in dh,;,/dtat 5 days
temporal sampling using a calibrated Arthern et al. (2010) densification scheme implemented
through the Community Firn Model (Stevens et al., 2020). The FDM is forced using
precipitation minus evaporation, skin temperature, and meltwater flux from a degree-day model
using outputs derived from a combination of the MERRA-2 reanalysis (Gelaro et al., 2017) and

an offline 12.5-km resolution MERRA-2 “replay” (Medley et al., 2020).

2.3.4 Contributors to ice-equivalent thickness change

For Chapters 3 and 4, our main goal is to estimate mass change from ocean driven basal
melting. To isolate the contribution of ocean-driven basal melting to dH; /dt, we use mass
conservation to decompose it into surface mass balance (m;), basal melt rate (wy,), and flux

divergence of ice-equivalent thickness V - (vH;) (e.g., Moholdt et al., 2014):

0H;

5 = Ms—Wp — H;V -v—v-VH; 3)

where v are two-dimensional horizontal ice velocities in units of meters per year. The units of m
and wy, are meters of ice equivalent per year. We estimate mg using either a reanalysis model
such as MERRA-2 (Gelaro et al., 2017), or a regional atmospheric model such as RACMO (van
Wessem et al., 2018). Estimates of m; use a combination of satellite altimetry and a firn model
such as GSFC-FDM (Section 3.6). For v, we used ice surface velocities derived using a
combination of optical and/or radar feature tracking (e.g., Gardner et al., 2015). We do not
consider temporal variability in v, with the exception of the Amundsen Sea Sector where there

have been large changes (e.g., Joughin et al., 2003). However, there is increasing evidence to
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suggest that changes in v could be driving changes in ice shelf thickness in other locations as

well (e.g., Greene et al., 2017; Klein et al., 2020).

In a Lagrangian reference frame, which tracks an individual parcel of ice, the final term
in Equation 3 describing the influence of ice advection vanishes and the material derivative of

ice thickness change DH; /Dt is given by:

DH; _  pi Dh Dhgijr
Dt pw—0; =~ Dt Dt

) = mg—w, — H;V-v.

Ice shelf height changes estimated in a Lagrangian reference frame (Dh/Dt) result in clearer
spatial patterns because they account for the advection of surface features (e.g., Moholdt et al.,
2014). In Chapter 4, we calculate Dh/Dt using CryoSat-2 altimetry to estimate w;,, but assume
that Dhg;,-/Dt = 0h,;,-/ 0t because of the low spatial resolution of the GSFC-FDM data set
compared to the spatial scales over which the material derivative is evaluated. However,
interpolating the h;,-values from the FDM directly to locations where altimeter-derived

heights (h) are available (as is done in Chapter 5) can allow for D (h — hg;,-) /Dt to be evaluated

without the need for this assumption.

2.4 Differences between height change estimates from radar and laser altimetry

Height change estimates derived from radar altimetry can be susceptible to biases from
changes in volume scattering (scattering beneath the snow surface). In regions with low surface
slope, heights retrieved from Envisat data were typically within 2 m of the snow surface derived
from GPS measurements, and heights retrieved from CryoSat-2 SARIn data were typically
within 1 m (Schroder et al., 2017). Previous studies have used waveform parameters such as the

slope of the leading edge or backscatter as a proxy to determine the contribution of volume
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scattering (e.g., Arthern et al., 2001). In Chapters 3 and 4, we correct for the effects of volume
scattering by assuming that there is a linear relationship between the altimeter-derived heights
and backscattered power in dB (Section 3.6), similar to previous studies (e.g., Wingham et al.,
1998; Zwally et al., 2005; Paolo et al., 2016). However, recent studies have shown that such an
empirical correction can be avoided by selecting a retracker that is less sensitive to volume

scattering (e.g., Nilsson et al., 2016).

Height change estimates from laser altimetry represent changes occurring closer to the
snow surface. However, there are some differences between heights estimated using green (532
nm wavelength) and infrared (1064 nm wavelength) lasers, with green light scattering from
deeper within the snow column compared to infrared light. Modelling studies have suggested
differences in the depth of scattering of 10s of cm, but these have not yet been adequately
verified by observations (Smith et al., 2018). The amount of scattering is expected to depend on
the properties of the snow, with higher scattering in fresh snow compared to aged snow or snow
with impurities (Gardner and Sharp, 2010). Some of the biases resulting from these differences
are mitigated in the ATLO6 data product through the use of a median-based estimate of surface

height (Smith et al., 2016).

In this dissertation, we use radar and laser altimetry for different applications. Although
we do not directly compare them over the whole ice sheet, we do perform some comparisons
over various regions and timescales. In Chapter 3, we compare the radar-derived estimates of
height change for Antarctic Peninsula ice shelves with laser-derived height changes from
airborne and satellite platforms. We show good agreement between the two estimates for the
large southern ice shelves (Figure 3-1), where differences in data sampling are not as important

as they are in more northerly regions. Spatial patterns of ice shelf thickness changes derived in
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Chapter 4 from radar altimetry show similar patterns to those estimated from ICESat-2 and
ICESat laser altimetry (Figure 4). However, differences for height changes derived at shorter
period time scales, such as those shown in Chapter 4, could be larger. The simultaneous
operation of both ICESat-2 and CryoSat-2, and the new CryoSat-2 orbit designed to increase the
volume of near-coincident data collected by the two missions, presents a unique opportunity for

future research in reconciling height change estimates from the two independent datasets.
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Figure 1: Timeline of the satellite radar and laser altimeters used in this dissertation. The
satellite radar altimeters were operated by ESA and the laser altimeters by NASA.
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Figure 2: Illustration of a return waveform (power vs. time curve) from a flat surface for a pulse-
limited radar altimeter (e.g., ERS-1/-2, Envisat). The antenna on board the altimeter records the
return power from the surface as a function of time, shown as a curve called the return
“waveform”. The shape of the waveform is determined by characteristics of the surface and the
altimeter. Modified from ESA’s radar altimetry tutorial by Caroline Fleet.
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Figure 3: The 6-beam pattern of ICESat-2’s ATLAS instrument. The six beams are organised
into 3 pairs. The reference pair tracks (RPTs), representing the ideal center of each beam pair,
are separated by about 3.3 km. The central RPT follows the reference ground track (RGT). The
measured pair tracks (PTs) observed by the satellite deviate from the RPTs because of
inaccuracies in pointing, but typically fall within the two beams of the beam pair. Figure by
Jenniffer Matthews, Scripps Institution of Oceanography, and reproduced from Smith et al.,
(2016).
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Figure 4: Differences between ice-equivalent thickness changes for Antarctic ice shelves
derived using laser altimetry (ICESat-2 and ICESat; Smith et al., 2020) and radar altimetry
(CryoSat-2 minus Envisat; Adusumilli et al., 2020, also Chapter 4). The ICESat-2 minus ICESat
thickness changes were derived from the first 5 months of ICESat-2 data (October 2018 to
February 2019) and ICESat data collected during 2003—2008. The CryoSat-2 minus Envisat
thickness changes were derived from CryoSat-2 data collected during October—December 2019
and Envisat data during 2003—-2008.

Table 1: Magnitude and uncertainties in contributors to heights and height changes derived
using satellite altimetry over ice shelves.

Contributions to heights Magnitude | Uncertainty Reference Notes Radar| Laser

Geoid 0-70 m ~1-2m Forste et al. (2014) Static in time X X
Static in time, typically

extrapolated into ice shelf

Mean Dynamic Topography 0-2m ~0-50 cm Armitage et al. (2018) cavities X X

Instrumental errors, orbit errors, propagation

delays 0-5m ~1-10 cm X X

Ocean load tides 0-10cm | ~0.01-0.1 cm Yi, Minster, and Bentley (2004) X X
Higher uncertainty in

Dynamic Atmosphere Correction 0-50 cm ~1-10 cm Carrére and Lyard (2003) grounding zones X X
Higher uncertainty in

Ocean tides 0-4 m ~1-10 cm Padman, Erofeeva, and Fricker (2008) grounding zones X X

Laser-derived height changes corrected for time-

dependent contributions 0-2m ~1-10 cm Moholdt et al. (2018) 1-year time scale X

Radar-derived height changes corrected for time-

dependent contributions 0-2m ~1-50 cm Adusumilli et al. (2018) 1-year time scale X

Change in firn air content 0-2m ~10cm-1m Smith et al. (2020) 1-year time scale X X
Dependent on surface

Radar signal penetration 0-2m ~0-2m Nilsson et al. (2015) conditions X
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Chapter 3

Variable Basal Melt Rates of Antarctic Peninsula Ice Shelves, 1994-2016

Abstract

We have constructed 23-year (1994-2016) time series of Antarctic Peninsula (AP) ice-
shelf height change using data from four satellite radar altimeters (ERS-1, ERS-2, Envisat, and
CryoSat-2). Combining these time series with output from atmospheric and firn models, we
partitioned the total height-change signal into contributions from varying surface mass balance,
firn state, ice dynamics, and basal mass balance. On the Bellingshausen coast of the AP, ice
shelves lost 84 =34 Gt a™! to basal melting, compared to contributions of 50 + 7 Gt a™! from
surface mass balance and ice dynamics. Net basal melting on the Weddell coast was
51 +71 Gta!. Recent changes in ice-shelf height include increases over major AP ice shelves
driven by changes in firn state. Basal melt rates near Bawden Ice Rise, a major pinning point of
Larsen C Ice Shelf, showed large increases, potentially leading to substantial loss of buttressing

if sustained.

3.1 Introduction

Ice shelves around the periphery of Antarctica connect the grounded ice sheet to the
Southern Ocean and are influenced by changes in the ocean, atmosphere, and ice sheet dynamics.
Confined ice shelves exert back-stresses on grounded ice, a process called buttressing (Dupont &
Alley, 2005). When buttressing is reduced through ice-shelf collapse, substantial thinning, or

mechanical weakening of the shear margins, ice streams and outlet glaciers that flow into it
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accelerate (e.g., Pritchard et al., 2012; Rignot et al., 2004; Scambos et al., 2004), contributing to
sea level rise.

The Antarctic Peninsula (AP; Figure 1), the northernmost region of Antarctica, has
experienced dramatic reductions in ice-shelf extent (Cook & Vaughan, 2010) and surface height
(Paolo, Fricker, & Padman, 2015) in the last few decades. On the eastern (Weddell Sea) side, the
collapses of Prince Gustav and Larsen A ice shelves in 1995 were followed by the rapid collapse
of most of Larsen B Ice Shelf (LBIS) in 2002. On the western (Bellingshausen Sea) side, the
small Miiller, Jones, and Wordie ice shelves have all collapsed or substantially retreated, and
Wilkins Ice Shelf (WIS) lost a significant portion of its area during large break-up events in 2008
and 2009 (Cook & Vaughan, 2010). Most remaining AP ice shelves have experienced changes in
surface height, as measured by satellite altimeters (Fricker & Padman, 2012; Paolo, Fricker, &
Padman, 2015; Pritchard et al., 2012), with an overall surface lowering during the time periods
covered by these studies.

Declining extent and height of AP ice shelves have been attributed to a complex set of
processes involving the atmosphere, ocean, and sea ice. Morris and Vaughan (2003) noted that
the timing and location of major collapse events coincided with the southward migration of the
mean-annual —9°C isotherm driven by regional atmospheric warming during the last half of the
twentieth century; this isotherm was used as a proxy for summer surface melting that can lead to
hydrofracture (Scambos et al., 2000; van den Broeke, 2005). Direct atmospheric controls on ice-
shelf height include variability of surface mass balance (SMB) (e.g., Kuipers Munneke et al.,
2017), density of near-surface firn (Pritchard et al., 2012), and atmospheric pressure inducing
changes in ocean surface height (Padman et al., 2003). Atmospheric changes are a combination

of natural variability whose role in Antarctic atmospheric state is still poorly understood (Turner
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et al., 2016), and anthropogenic effects including increased global greenhouse gas concentrations
and changing stratospheric ozone levels (Arblaster & Meehl, 2006; Thompson & Solomon,
2002). Changes in atmospheric conditions, notably wind stress, on a wide range of scales from
local to global, also alter circulation of subsurface warm water on continental shelves, which in
turn drives variations in ice-shelf basal mass balance (BMB) (e.g., Dutrieux et al., 2014; Holland,
Jenkins, & Holland, 2010; Paolo et al., 2018). Wind-driven changes in sea-ice concentration and
thickness also alter the effect of wind stress on ocean circulation (Kim et al., 2017), ocean-
atmosphere heat exchange and ocean mixing (Dinniman et al., 2012), and the production rate of
deep water in coastal polynyas, which can modify ocean heat flux under ice shelves (Khazendar

etal., 2013).

3.2 Previous Antarctic Peninsula Satellite Altimeter Studies

Shepherd et al. (2003) reported net surface lowering of Larsen C Ice Shelf (LCIS; see
Figure 1 for location) based on satellite radar altimetry (RA) for the period 1992-2001 and
attributed this lowering to basal melting in excess of the rate required for steady-state mass
balance. Fricker and Padman (2012) used height differences at crossover locations between
ground tracks of Seasat RA (July to October 1978) and the beginning of the ERS-1 mission (June
to October 1992) to show that this surface lowering started before 1992. Pritchard et al. (2012)
showed that patterns and magnitudes of time-averaged LCIS height changes derived from
ICESat satellite laser altimetry from 2003 to 2008 were consistent with modeled height change
from SMB and firn processes, meaning that the basal melt rate during this period was consistent

with the value required for steady-state ice-shelf mass balance.
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On the Bellingshausen coast, time series of inferred ice thickness (H) for individual ice
shelves show substantial temporal variability in dH /dt (Paolo et al., 2015; see their Figure
S1A). In particular, WIS and Stange Ice Shelf (SIS) thinned rapidly from 1994 to 2000, then
remained fairly stable until 2012 (the end of the record). George VI Ice Shelf (GVIIS) showed
high thinning rates throughout the period 1994-2012.

Padman et al. (2012) reported that dH /dt for WIS switched in the year 2000 from a
steady decline to approximately steady state, consistent with a rapid reduction in inferred basal
melt rate. They attributed the change in melt rate to retreat of the ice base upward from the thick
benthic layer of warm Circumpolar Deep Water (CDW) into the cold, fresh upper layer of
Winter Water. Continued melting of GVIIS throughout this period is consistent with its ice draft
being much deeper than that of WIS (Figure 2a), so that its base remained in the warmer CDW

layer.

3.3 Deriving Height Changes and Basal Melt Rates

We used RA data from the CryoSat-2 mission (Wingham et al., 2006) to extend the
existing 18-year (1994-2012) ice-shelf height-change records developed by Paolo et al. (2015,
2016) to mid-2017, resulting in a continuous 23-year record of the changes in surface height,
h(t), sampled every three months. For consistency with Paolo et al. (2015, 2016), we averaged
CryoSat-2 values of h(t) in grid cells of 0.25° in latitude and 0.75° in longitude (~30 % 30 km)
and three-month time steps (see the supporting information). We excluded all RA data less than
3 km from the grounding line; this minimized contamination from the flexural boundary layer
near the grounding zone where the ice is not fully hydrostatic and tide-model corrections are not

valid.

42



The rate of change of h(t) is a combination of several processes represented by

4

=% v (5H) —w,) + T2, (1)
where: p,, and p; are the densities of seawater (1028+1 kg m™) and ice (917+5 kg m3); V - (TH)
(m a') is the sum of ice advection (¥ - VH) and divergence (HV - ¥), with ¥ being ice velocity
and H ice-shelf thickness in meters of solid-ice equivalent; M, (kg m a!) is the SMB; w,,

(m a') is the basal melt rate in meters of solid-ice equivalent per year (negative for marine-ice
growth); and hy (m) is the contribution to buoyancy-corrected height from changes in density in
the firn column. We obtained maps of v from Mouginot et al. (2017) and H from ice thicknesses
derived from CryoSat-2 referenced to velocity acquisition times (see SI). We obtained M, from
the regional atmospheric model RACMO?2, version 2.3p2 (Van Wessem et al, 2017), and
estimated dhg/dt from a firn densification model (IMAU-FDM; Ligtenberg et al. 2011) driven
by RACMO2.3p2 output, both at 5.5 km horizontal spacing (Van Wessem et al., 2016). Using
Equation 1, we then derived wy as the residual of all other terms. At the time of writing, the
IMAU-FDM simulation extends only to the end of 2016; therefore, all quantities that depend on
this model are for the period 1994-2016 inclusive (i.e., 23 years). All uncertainties presented in
this paper are 95% confidence intervals (unless stated otherwise). We assume that the SMB and
firn model outputs have correlated errors within individual ice shelves, resulting in conservative

error estimates on the ice-shelf averaged values.

3.4 Results and Discussion

3.4.1 Surface Height Time Series, Trends, and Basal Melt Rates
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Most regions of AP ice shelves experienced overall surface lowering between 1994 and
2016 (Figures 1 and 2b), with rates exceeding —0.3 m a~! on portions of northern LCIS, southern
GVIIS, and SIS. Surface height for the northern portion of Larsen D Ice Shelf (LDIS) increased
over the 23-year period (Figure 2b).

The map of the 23-year averaged basal melt rate w, (Figure 2¢), derived from equation 1,
shows that the highest melt rates occur under the southern GVIIS and portions of SIS and LDIS.
The ice-shelf averaged estimates of wy likely underestimate the true values because of our
exclusion of all RA data less than 3 km from the grounding line; these data are from regions of
thick ice in the grounding zone, where melt rates are expected to be relatively high (Jenkins,
2011). Another potential bias is inherent to the IMAU-FDM, which requires that the net firn-
height change from the beginning (1979) to the end (2016) of the simulation be zero due to the
steady-state assumption made to obtain a realistic initial firn column (Ligtenberg et al., 2011).
This constraint implies a zero-mean value of dh,/dt between 1979 and 2016 (Figure S1). Over the
AP ice shelves, this assumption can contribute uncertainties from +0.8 to +£2.4 m a™! in the steady
state wj, estimates in individual grid cells, as derived using sensitivity tests described by Pritchard
et al. (2012). The magnitude of this error over any individual grid cell primarily depends on the
uncertainty in the height change due to surface melting. In the following two sections, we
summarize the observed temporal variability for the major AP ice shelves and discuss

relationships between this variability and forcing by the atmosphere and ocean.

3.4.2 Weddell Coast Ice Shelves

The Weddell coast of the AP is currently occupied by three ice shelves: the remnant

portion of LBIS, the large LCIS, and the generally narrow LDIS. The remnant LBIS was

44



sampled by only two ground-track crossover locations of the ERS and Envisat orbits on the
freely floating ice shelf (Figure 1). There was a decrease in height at these crossover locations
prior to the 2002 collapse of LBIS, followed by a short period of height increase from 2002 to
2005, and then a return to surface lowering (Figure 1). However, because of the poor sampling,
we limit discussion of remnant LBIS mass balance. The broad region of northern LDIS, south of
Gipps Ice Rise but north of Hearst Island, is reasonably well sampled (Figure 1), but the southern
portion consists of a series of narrow, floating ice tongues with high topographic gradients,
which results in a lower signal-to-noise ratio in the RA data.

The 23-year net mass balance for LCIS shows mass loss in key regions such as near
Bawden Ice Rise (BIR) and the southern grounding line (Figure 2d). The ice-shelf averaged
mean wp is 0.5+ 1.4 m a~! (Table 1). This low value of wj is consistent with ocean
measurements obtained in February 2002 offshore of the northern LCIS ice front (Nicholls et al.,
2004). This study showed that the subsurface layer of Ice Shelf Water flowing out of the ocean
cavity beneath LCIS was sourced from cold, saline, Modified Weddell Deep Water (mWDW,
with temperature Tocean < —1.5°C) that must have been cooled to near the surface freezing point
(Tocean = —1.9°C) before coming into contact with the LCIS base. This cold water would not
contain sufficient heat to cause substantial basal melting beyond the point of initial contact with
thick ice at the grounding line (Jenkins, 2011).

The LCIS height record for 1994-2017 (Figure 1) shows substantial multiannual
variability, with a cumulative surface lowering of 1.0 + 0.3 m from 1994 to 2009 followed by a
surface rising of 0.5 £ 0.3 m from 2009 to 2017. This recent surface rising of LCIS, largely
occurring on the northern portion of the ice shelf (Figures 3d and 3e), is a previously

undocumented change in the long-term behavior of LCIS. We considered the possibility that the
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height increase detected by RA may have been related to an upward migration of the radar-
reflection horizon within the snowpack, as observed in Greenland (e.g., Nilsson et al., 2015;
Thomas et al., 2008). To test this hypothesis, we derived an independent time series of height
change on LCIS from Operation IceBridge (OIB) laser altimetry data acquired during the austral
summers of 2009, 2010, 2015, and 2016. Unlike microwave-band radar, OIB's visible-band laser
reflects from the top surface of the snow or firn and thus can be used to distinguish between a
vertically moving internal reflector and true surface-height changes. The OIB-derived height
changes were consistent, within measurement uncertainty, with the RA-derived height changes
(Figure 1), and so we conclude that a rising internal radar-reflection horizon is unlikely to be the
cause of the RA-derived height change in this case. Recent (2011 to 2016) RA-derived changes
approximately correspond with variability in the IMAU-FDM simulated time series of hs
(Figures 3f-3j and S2), suggesting that increasing firn-air content is the primary contributor to
LCIS height increase in this period.

Changes in &, over LCIS are significantly influenced by surface melting (Pritchard et al.,
2012), which occurs primarily during austral summers (December to February; see Figure S1).
During summers with anomalously low temperatures, surface melting is reduced, causing a
smaller decrease in firn-air content through time than in an average summer; this would lead to a
relative increase in /. The six-year averaged summer temperature anomalies (relative to the
1979-2016 mean) over LCIS were lower for the 2011-2016 epoch than for any other six-year
epoch since 1995 (Figures 3k—30), as were surface melt anomalies (Figures S2a—S2e). Similar
decadal behavior is not apparent in snowfall (Figures S2f—S2j). An increase in air content, as

observed over LCIS between 2011 and 2015, could allow more meltwater storage in existing
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pore space, reducing susceptibility to hydrofracture that can occur when melt ponds form on the
surface in summer (Scambos et al., 2013).

On multiannual time scales, the largest height-change rate observed on LCIS was in the
north during 1999-2008 (Figures 3b and 3c¢), corresponding to high w;, anomalies (Figure 4a).
Near BIR, height decreased at a rate of —0.27 + 0.08 m a™! during this period (Figure 4b),
averaged over the ~512 km? of ice shelf within the grid cell containing BIR. We estimated the
time series of various components of mass balance in this region (Figure S3). Time series of wy
was temporally variable, with a maximum of 5+ 2 m a™! in 2002 (Figure 4c). Since BIR is a
significant pinning point for LCIS, basal melting at this rapid rate, if sustained, would lead to
reduced contact of the ice shelf with the bed and decrease the stability of LCIS (Borstad et al.,
2013, 2017; Holland et al., 2015).

The spatial pattern of the melt rate anomaly for the period 1999-2008 for LCIS and
northern LDIS (Figure 4a) is qualitatively similar to the map of modeled wj reported by Mueller
et al. (2012) for a tide-forced simulation with cold water (Zocean of —1.9 to —1.7°C) entering the
sub—ice-shelf cavity (their Figure 8). The higher melt rates around BIR during an approximately
four-year period centered on 2002 (Figure 4c) are consistent with an increase in ocean
temperature around BIR during this period; the model by Mueller et al. (2012) suggests that an
increase in Tycean 0of ~0.2°C would explain the increase in wy in this region where mixing is
dominated by tidal currents. This warmer water (mMWDW), with Tycean ~ —1.7°C, has been
observed just offshore of the LCIS ice front (Nicholls et al., 2004). Our observations, combined
with the Mueller et al. (2012) model, suggest that the period of increased w, may be caused by
local inflow of mMWDW across the northern LCIS ice front. In this scenario, the subsurface layer

of Ice Shelf Water observed by Nicholls et al. (2004) in February 2002 (near the time of
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maximum wj around BIR) would represent a meltwater plume from deeper under LCIS where
the initial source of heat to the ice is High Salinity Shelf Water (7occan ~ —1.9°C), while the
region around BIR melted rapidly as the tidal currents mixed relatively warm mWDW (ZTcean ~
—1.7°C) to the ice base.

The 1999-2008 basal melt rate anomaly around BIR was of opposite sign to the
anomalies near the deep grounding lines of the southern part of LCIS and northern LDIS
(Figures 4a and 4c¢). We hypothesize that the approximately four-year period with high wy
around BIR corresponds to a time when relatively warm water from outside the cavity could
reach the ice base around BIR because of a reduction in the flux of cold meltwater from southern
LCIS and northern LDIS; see a related study of Filchner-Ronne Ice Shelf by Mueller et al.

(2018).

3.4.3 Bellingshausen Coast Ice Shelves

Most large ice shelves along the Bellingshausen coast showed net surface lowering from
1994 to 2017 (Figure 2b). In general, the lowest heights were recorded near 2013, after which
heights increased until 2016 (Figure 1). The average net mass balance was —1.2+ 1.8 ma™!,
arising from a basal melt rate of 3.2 + 1.9 m a”!, compared with the value of 2.0 = 0.4 m a!
required to balance the sum of SMB and V - (VH) (Table 1). These basal melt rates, which are
large relative to those for LCIS, are consistent with ocean observations showing the presence of
warm CDW, with temperature above 0°C, near the two ice fronts of GVIIS (Jenkins & Jacobs,
2008) and beneath GVIIS (Potter & Paren, 1985). Basal melt rates were highest, up to 7+ 2 m
a~! in the southern portion of GVIIS (Figure 2¢) where the ice draft is deeper (Figure 2a). A

measured increase in outlet-glacier velocities from 1992 to 2015 in this region (Hogg et al.,
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2017) is consistent with sustained ice-shelf mass loss (Figure 2d) reducing buttressing of the
adjacent grounded ice.

The remnant portion of WIS has experienced height changes on multiannual timescales
(Figure 1), with a surface lowering of 1.1 + 0.1 m from 1994 to 1998 followed by a period of
reduced net lowering of 0.4 + 0.1 m between 1998 and 2013, and then a more recent height
increase of 1.2 + 0.1 m. The rapid increase in surface height since 2013 recovered most of the
height that was lost prior to 2013. Differences between trends in height (Figure 2b) and mass
(Figure 2d) can be attributed to the contribution to height change from changes in the firn
column (Figure S1).

The recent increases in surface heights of SIS, Bach Ice Shelf, and WIS appear to be
mainly related to surface accumulation changes and firn variability (Figure S1). Spatial
variability in basal melt rates between the Bellingshausen coast ice shelves is likely related to
differences in ocean circulation. The relatively shallow ice drafts of SIS, Bach Ice Shelf, and
WIS ice shelves (Figure 2a), compared with that of GVIIS, make them more susceptible to
upper-ocean processes that can change on seasonal scales, with a potentially strong dependence

on coastal atmospheric conditions (Padman et al., 2012).

3.5 Conclusions

We have used multi-mission satellite RA to construct time series of ice-shelf surface
height change h(t) across the AP. We used h(t) records, ice velocity data, and regional
atmospheric and firn modeling to estimate the various components of ice shelf mass balance
between 1994 and 2016. Overall, the 23-year mean basal melt rates across the AP exceeded

those required to balance mean SMB, ice advection, and ice divergence, leading to net ice mass
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loss. The highest excess melt rates (~1 m a! ice equivalent) occurred on the Bellingshausen
coast, which we attribute to enhanced inflow of warm CDW (T,cean > 0°C) under the ice shelves.
In the Weddell Sea, where water temperatures on the continental shelf are cold, and constrained
to a narrow range (about —1.9 to —1.7°C) (e.g., Pritchard et al., 2012; Schmidtko et al., 2014), the
time-averaged excess basal melt rate under LCIS was ~0.4 m a™'.

On shorter time scales, however, most variability in height change was driven by changes
in firn height (Figure S2). The largest contribution to height change from modeled firn variability
occurred on the Bellingshausen coast ice shelves, with firn height changing up to 2.5 m during
the period 1994-2016. On LCIS, firn height changed up to ~1.3 m within the same period, which
caused significant variations in measured h including a previously undocumented sustained
increase in ice-shelf surface height after 2009. This latter period coincided with cooler summer
air temperatures, which we expect would reduce the magnitude of annual firn densification due
to surface melting.

Changes in height and mass of AP ice shelves have implications both for their stability
and for the adjacent grounded ice. On the Bellingshausen side of the AP, mass loss from GVIIS,
especially in its southern portion, appears to have produced a dynamic grounded-ice response:
glaciers feeding this ice shelf have accelerated (Hogg et al., 2017; Minchew et al., 2018). On the
eastern side, the basal melt rate on LCIS near BIR, an important pinning point for LCIS, can vary
from negligible to 5 + 2 m a!. If enhanced melt rates were sustained for several years,
buttressing of LCIS by BIR could be substantially reduced. Given that melt rates around BIR are
expected to depend primarily on ocean temperature (Mueller et al., 2012), future changes in

buttressing of LCIS by BIR will depend on the changing contributions of ocean heat supply from
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mWDW and High Salinity Shelf Water flowing under the northern ice front, as well as cold
meltwater plumes flowing from deeper under LCIS.

Previous satellite radar altimeter studies have generally only reported straight-line trends
over short, single-mission observation periods. Our record, however, is sufficiently long to link
ice-shelf variability to atmospheric and oceanic processes. While we have speculated on the
contributions of such processes toward the variability in our derived time series, there are
insufficient ocean data from near any of the major AP ice shelves to confirm the inferred
relationships between ocean state and ice-shelf response. However, we expect that our new data
set for basal mass balance terms will be valuable for testing current and future numerical models
of ice-shelf response to climate variability in this region. Our study demonstrates the need for
ongoing continuous monitoring of Antarctic ice shelves by satellite altimetry, and the importance
of generating long, accurate time series so that we can fully understand the mechanisms involved
in ice-shelf-ocean interaction, which will eventually enable us to confidently include this

behavior in ice sheet models.
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Figure 1. (left) Map of Antarctic Peninsula showing locations of radar and laser altimeter data
used in this study: ground tracks for three months of CryoSat-2 (red lines), crossovers for three
months of the 35-day repeat orbit of ERS-1 (Phases C and G), ERS-2, and Envisat (black dots),
and NASA's Operation IceBridge flights flown in 2008, 2009, 2015, and 2016 (purple lines).
Black line on Larsen C Ice Shelf shows outline of iceberg A-68 (A. Luckman, personal
communication, 2017), which calved in July 2017. Red outlines show ice-shelf extent in the late
1980s (Cook & Vaughan, 2010). Background image is from the MODIS Mosaic of Antarctica
(Scambos et al., 2007). (right) Ice-shelf averaged height changes over Antarctic Peninsula ice
shelves, 1994-2017. Black squares show three-month averages; blue lines are three-year filtered
heights; red lines are 2003—2008 height-change estimates from ICESat laser altimetry (Pritchard
et al., 2012); purple lines on the Larsen C Ice Shelf time series are height-change time series
from IceBridge airborne laser altimetry.

52



Larsen C
, -0.03+0.01ma!

Height change rate (m a")

George VI ]
-0.08 + 0.01ma™’

Wilkins el
-0.03 £ 0.02ma

Stange e
-0.05 + 0.02 m a™*

. 2
d ~__ LarsenC
o\ -04x+13ma’l

Larsen C

, -V_\\o.s +14ma’

) George VI Z=| ) George VI 2,
32+19m al : _ -12+18m a!

Wilkins el Wilkins
1.9+20ma’l -09+19ma
(e
Bach Bach
1.7+26ma’l -1+3ma

Stange Y
-1.1+15ma’l

Stange
32+15ma’l
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rates (dh/dt), (c) basal melt rates (w»), and (d) net mass balance for the period 1994-2016 over
Antarctic Peninsula ice shelves. Stippling indicates locations of grid cells with rates above the
67% confidence interval.
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Figure 4. Spatial and temporal variability of basal melt rates for Larsen C and northern Larsen D
ice shelves. (a) Average basal melt rate (m a™!) for the period 1999-2008, relative to the average
for 1994-2016. Time series of spatially averaged (b) heights and (c) basal melt rates for regions
identified on the map by colored outlines: Bawden Ice Rise (orange), northern Larsen D Ice
Shelf (blue), and near the southern Larsen C Ice Shelf grounding line (purple).
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3.6 Supporting Information
Derivation of 23-year time series of height from satellite radar altimetry

We merged data from four satellite radar altimetry (RA) missions (ERS-1, ERS-2,
Envisat, and CryoSat-2) to produce a continuous 23-year record of ice-shelf height in grid cells
0.25° in latitude and 0.75° in longitude at three-month temporal sampling. The procedures for
processing the ERS-1, ERS-2, and Envisat RA data to produce an 18-year height record from
1994 to 2012 are described by Paolo et al. (2015, 2016). While those three satellites operated in
the same 35-day-repeat orbit for most of their missions and used similar altimeter hardware, the
CryoSat-2 radar altimeter (2010-present) is in a drifting orbit and uses more advanced hardware
that allows for delay/Doppler processing (Raney, 1998), providing higher accuracy and precision
in the derived heights and height changes of ice shelves. Over Antarctic ice shelves, CryoSat-2
operates in synthetic aperture radar-interferometric (SARIn) mode (Wingham et al., 2006),
which retrieves heights at the point of closest approach (POCA) within the altimeter footprint of

about 0.5 sq.km.

We processed heights from the Level-2 Baseline C CryoSat-2 data product between July

2010 and June 2017 using the following steps.

1. We subsetted data over the ice shelves, using a combination of ice-shelf boundary polygons
(Depoorter et al., 2013; Mouginot et al., 2017a; SCAR Antarctic Digital Database) and removed
all echoes within 3 km of each ice-shelf boundary to avoid changes related to ice-shelf flexure at

the grounding line and calving front mask imperfections.

2. We corrected the heights for ocean tides using the CATS2008 circum-Antarctic tidal model

(an update from Padman et al., 2002), ocean load tides using the TPXO7.2 tidal model (Egbert et
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al., 1994; Egbert and Erofeeva, 2002), and height changes from atmospheric pressure variations

using the Mog2D dynamic atmosphere correction (DAC).

3. We removed heights with a backscatter higher than 30dB (Siegfried et al., 2014) and corrected

for a 60 m height bias in the data product in the fields flagged as ‘land’ or ‘closed sea’.

4. We constructed height changes over 2 km grid cells at a 1 km spacing using a modified ‘plane
fit’ model following McMillan et al. (2014). In grid cells with more than six echoes, we modeled
the CryoSat-2 heights h, as a quadratic function of surface topography (x,y), time ¢, backscatter

g, and a satellite ascending/descending orbit term s using

hesy = hg + myx + myy + myx? + myy? + msxy + mgt + mys + mgg + h,, (S1)

where A, and {m;: i=1,2,...,8} are parameters derived from robust linear regression with residuals
more than 15 m, or outside 3¢ error bounds, removed, and h, are the residual heights. We then
constructed time series of height changes by binning h = h, + mgt in 3-month intervals to

match the sampling times of Paolo et al. (2015, 2016).

5. We averaged the height changes in space over the 0.25° x 0.75° grid cells used by Paolo et al.

(2015, 2016); there are 130 grid cells over the AP ice shelves.

6. We then combined data from the 18-year height-change record with the 7-year time series of
CryoSat-2 data using a zero-median condition for the Envisat/CryoSat-2 overlapping period

(2010-2011).

Height time series from Operation IceBridge airborne laser altimetry

NASA'’s Operation IceBridge (OIB) airborne mission flew a set of repeating swath laser
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altimetry surveys over LCIS during the austral summers of 2008, 2009, 2015, and 2016

(Figure 1), which provided an opportunity to validate our RA-derived time series. OIB surveyed
LCIS with the Airborne Topographic Mapper (ATM; Krabill et al., 2002) in 2008, 2009, and
2016 and the Land Vegetation and Ice Sensor (LVIS; Blair et al., 1999) in 2015. We subsetted
the data (Blair and Hofton, 2010; Studinger, 2017) to a region defined as the intersection of the
four ATM and LVIS swaths and corrected for ocean tides using CATS2008 (an update from
Padman et al., 2002). We then divided this region in 100 m along-track segments centered every
50 m along the ad hoc centerline and used a plane-fitting technique to solve for the height for
each survey (h,g0s, 2009, R2015, and hyp16) at the center of each segment. This leverages the
entire swath for the resulting height estimate and provides a robust uncertainty estimate. For each

segment, we then derived a height change time series /4(7) for the four years using

1 0 0 07 0

-1 1 0 0 |[r(D) h2009 — ha008

-1 0 1 0 h(2) h2015 — h200s

-1 0 0 1 h(3) = |h2016 — h200s |, (S2)
0 -1 1 0 h(4) h2015 — ha2000
0 -1 0 1 h2016 — h2000

0 0 -1 1 Lh2016 — N201s-

where A(/) was zero by definition. We estimated /(¢) and its associated uncertainties using robust
regression, corrected it for atmospheric pressure changes using the DAC, and derived the ice-

shelf averaged time series (Figure 1) by taking the uncertainty-weighted mean value over the ice

shelf.

Derivation of basal melt rates

We used Equation 1 to derive time-varying basal melt rates over the ice shelves. We
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estimated the height change rates dh/dt by smoothing the 23-year record of RA-derived heights /4
using a three-year moving average, taking a gradient, and smoothing the final height-change-rate
time series dh/dt using the same three-year moving average filter. We used a three-year timescale
to reduce the impact of high-frequency variability in 4 and 4, on w,. We measured the
uncertainties in our method for calculating dh/dt using a bootstrap technique (similar to the
technique used in Paolo et al. 2015, 2016): integrating dh/dt to produce a smoothed time series of
heights, computing the residuals between the smoothed heights and 4, and resampling the
residuals 1000 times to produce an ensemble of heights from which to calculate an ensemble of
height change rates. The standard deviation of dh/dt was then estimated as the standard deviation
of this ensemble. We applied the same technique to derive the uncertainties of dhg/dt and
combined them with the uncertainty due to the steady-state assumption used to spin-up the firn

model, as described by Pritchard et al. (2012).

Ice thickness, advection, and divergence
From CryoSat-2-derived heights referenced to the WGS84 ellipsoid using the hy term in

Equation S1, we calculated the freeboard, i.e., the height of the ice shelf above mean sea level

(hmsl) using:

hmsl = hO - hg - hmdt - hf - hca (S3)

where h; was the height of the EIGEN-6C4 geoid (Forste et al., 2014), h,,4; was mean dynamic
topography from the DTU12MDT (an update of the model from Knudsen and Andersen, 2012),

hs was the firn air content using the IMAU firn densification model (Ligtenberg et al., 2011,

2014) coupled to RACMO 2.3p2 (Van Wessem et al., 2017) at 5.5 km horizontal spacing (Van
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Wessem et al., 2016), and h, was a correction using the 23-year RA height change record to

reference h,,,; to any given year. From this we derived the ice thickness H using

H = Pwhmsi
pi— Pw’ (S4)

and the ice draft D using

— Pwhmsi
Pi— Pw

- hnmb (SS)
For v, we used annual velocity mosaics from 2005 to 2015 derived from optical imagery from
the Landsat-8 satellite and Synthetic Aperture Radar from the Sentinel-1, RADARSAT-2,
ALOS-PALSAR, and TerraSAR-X satellites (Mouginot et al., 2017b,c). Within each grid cell
used in the RA record, we constructed vH for each year where velocity data were available by

referencing H to the acquisition time of 7. We obtain V - (7H) by fitting a plane to H using

VeH = ayyx + ayyy + € and v H = ay,x + a,,y + ¢, (S6)

from which V - (7H) within the grid cell was a,, + a,,, where the uncertainties in a,,, and a

yy» Yy

are the uncertainties in the linear regression. We calculated the mean value from all years where
V - (7H) was available, and the uncertainty in this steady-state assumption was the standard
deviation between the annual values. We found that V - (7H) was relatively constant through
time, even in regions with considerable changes in ¥ (Figure S3). Therefore, while V - (VH) was

a significant contributor to steady-state ice-shelf mass balance (Figure S3; Figure S4; Table 1),
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the impact of the steady-state assumption on derived time-variable melt rates (Figure 4; Figure

S3) was minimal.

Surface mass balance

We defined M; as a three-year moving average of surface mass balance (SMB) as
simulated by the regional climate model RACMO2, version 2.3p2 (van Wessem et al., 2017) at
5.5 km horizontal spacing (Van Wessem et al., 2016), and we assumed a standard deviation of 15
percent of the SMB values. The standard deviation was determined from comparisons of
RACMO2.3p2 SMB with in situ and radar-derived observations of SMB from Kuipers Munneke

et al. (2017).

Basal melt rates

We then estimated basal melt rates wy, using

My (@ an) oo
Wb =7, (pw_pi)(dt dt) V- (7H), (S7)

and the net mass balance M,,,; (in kg m? a!) using

_ _Pwpi (dh  dhg
Maee = s (= @) 8)

We reduced noise in the space domain by smoothing using a Gaussian filter with two-
sigma dimensions equal to one RA grid cell size (Figures S4a-d), and calculated uncertainties by
propagating the errors (Figures S5a-d). Mean values of mass balance in Table 1 are from the data
shown in Figures S4a-d averaged over each ice shelf, with the associated variances being the ice-

shelf averaged variances from the data shown in Figures S5a-d.
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Figure S1. Surface height changes (in black) due to time-dependent changes in firn state as
simulated by the IMAU-FDM firn model. Blue lines are three-year filtered averages. Vertical
line in 1994 marks the start of RA height records. The firn densification model required that the
net height change from the beginning (1979) to the end (2016) of the simulation be zero due to
the steady-state assumption made to obtain a realistic initial firn column (Ligtenberg et al.,
2011).
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Snowmelt anomaly

Snowfall anomaly

Figure S2. (a-e) Austral summer (December-January-February; DJF) surface melt anomalies and
(f-j) annual snowfall anomalies, both relative to their 1979-2016 monthly-mean values, from the
regional atmospheric model RACMO2.3p2 at 5.5 km horizontal spacing (Van Wessem et al.,
2016).

63



0.3

Height change rate from satellite altimetry

Height change rate (m a—1)

_0 6_ rom surface mass balance
' from basal melting
from firn modelling )
-0.9}a. from ice advection and divergence

I I I | |

|
-

|
N
T

lass gain rate from basal melting
Mass gain rate from surface mass balance
b Net mass gain rate
- 1 1 I 1 I

|
w
T

) Mass change rate (Gt a~1)

+

a—l
N
N
o

T
L

. ++

Velocity (m
e
o
T

7998 2002 2006 2010 2014

Figure S3. (a) Contributions of each ice-column process component to observed surface-height
changes in the grid cell near Bawden Ice Rise (BIR; gray region in inset indicates location). The
confidence intervals on the surface mass balance and on the ice advection and divergence
components cannot be resolved in this plot. (b) Contributions of each component to mass
changes at BIR. Shaded regions for (a) and (b) indicate 95% confidence intervals. (c) Velocities
at BIR using annual velocity mosaics from Mouginot et al. (2017b,c). Error bars show 95%
bounds on the median velocity variability within the BIR grid cell.
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Figure S4. Components of Antarctic Peninsula ice-shelf mass balance, for the period 1994-2016.
(a) Basal mass balance, same as Figure 2b, (b) surface mass balance, (c) ice advection and
divergence, and (d) net mass balance, same as Figure 2c. Ice-shelf-averaged values are in Table
1. Stippling indicates locations of grid cells with rates above the 67% confidence interval.
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Table 1: Contributors to net ice-shelf mass budgets between 1994 and 2016. The area of each ice
shelf was the net area covered by the grid cells used in this study, as defined by Paolo et al.
(2015, 2016), which was smaller than the actual area of each ice shelf. Mass changes expressed
as averaged values in m a’! are based on an ice density of p=917 kg m™. The largest contributor
to errors in the basal mass balance and net mass balance terms was the uncertainty in the net
surface height change from firn variability.

Rate of mass change in Gt a1 (m a!) for 1994-2016
Name Area (sq. km)

Basal mass balance Surface mass balance Ice advection + Net
divergence

Larsen B 1880 0.8+6(0.4+3.5) 0.18 + 0.04 (0.11 + 0.03) 23+29(1.3+1.7) -1.3+5.4(-0.8 +3)
Larsen C 44665 -21+61(-05+1.4) 15+ 2 (0.35 +0.05) 12+34(0.3+£0.8) -18 £+ 52 (-0.4 + 1.3)
Larsen D 24228 -31+£36(-1.4 + 1.6) 8.5+ 1.3(0.38 + 0.06) -18+25(0.8 +1.1) -55+28(-0.2 +1.3)
George VI 14686 -42 +26(-3.2+1.9) 9+1(0.7+0.1) -17+6(-1.3+0.4) -16+25(-1.2 £ 1.8)
Remnant Wilkins 6480 -11+£12(-1.9+2.0) 5.1+0.7(0.9+0.1) -0.7+0.7 (-0.1 £ 0.1) -5+11(-0.9+1.9)
Bach 4579 -7+£11(-1.7 £ 2.6) 24+05(0.6+0.1) -0.03 £ 0.24 (-0.1 = 1.0) -5+£11(-1+3)
Stange 8104 -24+14(-32+1.5) 6.5+0.8(0.9+0.1) 9+3(-1.2+0.4) 9+14(-1.1+1.5)

Chapter 3, in full, is a reprint of the material as it appears in the journal Geophysical
Research Letters. Adusumilli, S., Fricker, H. A., Siegfried, M. R., Padman, L., Paolo, F. S., &
Ligtenberg, S. R. (2018). Variable basal melt rates of Antarctic Peninsula ice shelves, 1994—
2016. Geophysical Research Letters, 45(9), 4086-4095. The dissertation author was the primary

investigator and author of this paper.
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Chapter 4
Interannual variations in meltwater input to the Southern Ocean from

Antarctic ice shelves

Abstract

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 modulate 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 Gt yr'!) was similar to the steady-state value
(1,100 + 60 Gt yr!), but increased to 1,570 + 140 Gt yr! 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.
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4.1 Introduction

The mass budget of the Antarctic Ice Sheet is controlled primarily 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 (e.g., Pritchard et al., 2012) and thinning (e.g., Paolo
et al., 2015) 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
sidewall friction and basal pinning points, a process called “buttressing” (e.g., Thomas et al.,
1979). 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 (e.g.,
Jenkins et al., 2018; Nerem et al., 2018).

Ice shelf melting has been categorized into three modes corresponding to distinct
oceanographic processes (e.g., Jacobs et al., 1992). 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 (e.g.,
Nicholls, 1997). 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 (e.g., Lewis & Perkin, 1986). 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 contributions of these modes to total

melting are highly variable around Antarctica, both in space and time, since each mode is
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influenced by several external processes including regional atmospheric and oceanic conditions
and the production and transport of sea ice (e.g., Rintoul, 2018; Turner et al., 2017).

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 ice, which modifies the exchange of heat, freshwater, and gases (e.g., CO,) between
the atmosphere and Southern Ocean (Merino et al., 2018; Pauling et al., 2017); formation of
Antarctic Bottom Water that is a major driver of the global ocean overturning circulation
(Fogwill et al., 2015); and generation of nearshore coastal currents that advect freshwater and
other tracers to connect different regions around Antarctica (Moffat et al., 2008; Nakayama et al.,
2014). Despite the projected impacts of changes in ice shelf melting on Southern Ocean
dynamics and global climate variability (Golledge et al., 2019), the current generation of global
climate models such as those used in the Coupled Model Intercomparison Project (Eyring et al.,

2016) do not include realistic representations of meltwater fluxes (Jourdain et al., 2019).

4.2 Satellite-derived estimates of basal melt rates

Currently, the best available circum-Antarctic datasets for ice shelf basal melt rate are
derived from Ice, Cloud and land Elevation Satellite (ICESat) laser altimetry acquired during
2003-2008 (Depoorter et al., 2013; Rignot et al., 2013). These estimates are six-year 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 (Figure S1). Existing data therefore cannot

capture critical properties of meltwater fluxes from ice shelves, such as small spatial scales of
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melting in channels (Dutrieux et al., 2013; Gourmelen et al., 2017) or the large decadal
variability inferred from oceanographic observations in West Antarctica (Jenkins et al., 2018).
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 all ice shelf areas, with higher track density
than prior altimeters (Figure S1). Together with its innovative Synthetic Aperture Radar-
Interferometric (SARIn) mode of operation (Wingham, 2002), the orbit for CryoSat-2 allows for
estimating height change with higher spatial resolution and accuracy than the previous radar
altimeters (Gourmelen et al., 2017). Here, we estimate time-averaged (over eight years; 2010—
2018) basal melt rates at high spatial resolution (500-m grid cells) for all ice shelves where
sufficient data are available 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 use the continuous 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.

4.3 Spatial distribution of basal melt rates

The spatial distribution of time-averaged ice-shelf melt rates around Antarctica during
20102018 (Figure 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 (Figure 1, ice draft shown

in Figure S2) separated by zones of refreezing. Warm-water ice shelves such as those in the
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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 (Figure 2) provide further insight into the different modes of melting occurring
at different 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 satellite radar altimetry (Figure
S3). 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 (Holland et al.,
2007; Lane-Serff, 1995). The ranges of ice draft for regions with refreezing (Figure 2) also
correspond with the approximate depths for the subsurface plumes of cold ISW found along ice
fronts (Foldvik, 2004; Herraiz-Borreguero et al., 2016; Smethie & Jacobs, 2005), which
subsequently contribute to the formation of AABW (Schlosser et al., 1990).

Cold-water ice shelves also have regions of relatively high basal melt rates under
shallower ice along the ice fronts (Figure 1, 2), primarily due to Mode 3 melting. Unlike regions
undergoing Mode 1 melting that are close to the deep grounding lines where ice shelf thinning
could substantially reduce buttressing (Goldberg et al., 2019; Reese et al., 2018), regions of
Mode 3 melting are typically within the “passive ice zones™ (Fiirst et al., 2016) that provide little

buttressing to grounded ice. However, the elevated melt rates contribute to increased ocean
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stratification along the ice front that influences cross-front exchanges of ocean heat (Malyarenko
et al., 2019) and the seasonal cycle of sea ice formation close to the ice front (Porter et al., 2019),
both of which feed back into the seasonal cycle of ice-shelf melt (Stewart et al., 2019; Tinto et
al., 2019).

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 Sea sectors during 2010—
2018 (Figure S4). For some ice shelves in these sectors (e.g., George VI, Wilkins, and Dotson)
the highest rates of thinning occurred in narrow basal channels with high melt rates. Getz Ice
Shelf, the largest single source of meltwater from the Antarctic ice shelves (Table 1), shows
excess melting at depths between 250 m and 700 m (Figure 2). Warm-water ice shelves outside
the Amundsen and Bellingshausen seas sector, such as Totten Ice Shelf in East Antarctica, show

insignificant rates of excess melting.

4.4 Variations in ice shelf melt rates between 1994 and 2018

Our estimate for net mass loss from all of Antarctica’s ice shelves from 1994 to 2018 is
39601100 Gt (Figure 3a; error range is the 95% confidence interval, Methods). 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 + 560 Gt (The IMBIE Team,
2018). 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 Gt/yr higher
than the steady-state rate of 1,100 + 60 Gt/yr (Figure 3b). Meltwater fluxes varied substantially

with time: an increase of 480 + 210 Gt/yr, from 1,090 + 150 Gt/yr at the start of the record in
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1994 to 1,570 £ 140 Gt/yr in 2009, was offset by a subsequent decrease of 410+ 210 Gt/yr to
1,160 £ 150 Gt/yr in 2018. Our estimate of time-averaged meltwater flux for the ICESat-era
(2003-2008) is 1,500 + 140 Gt/yr, which is consistent with two previous ICESat-based estimates
of 1,500 + 240 Gt/yr (Rignot et al., 2013) and 1,450 + 170 Gt/yr (Depoorter et al., 2013). The
ICESat-era estimate of meltwater flux exceeds our 25-yr average by 240 + 210 Gt/yr and exceeds
our steady-state estimate by 400 + 160 Gt/yr, highlighting the importance of long, continuous
records to provide context to results from individual missions (Pritchard et al., 2012) or between
two non-overlapping missions (Smith et al., 2020).

We examined the temporal variability in melt rates from different modes for the four
largest cold-water ice shelves by calculating spatial averages over select regions (Figure 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 (Castagno et al., 2019) and the
time scale for advection of HSSW to Byrd Glacier (Tinto et al., 2019). Lower salinity for HSSW
reduces the negative buoyancy driving HSSW under the ice front and downslope to the deep
grounding line of Byrd Glacier, weakening 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 exceptionally large polynya during the 1997-1998
austral summer (Nicholls & @sterhus, 2004). This hypothesis was based on a sharp decline in
ocean temperatures at an instrumented site (Site 5; Figure S5) on Ronne Ice Shelf near the
southwestern Berkner Island coast between 2000 and 2003, attributed (Nicholls & Osterhus,
2004) to increased ISW formation following a period of high Mode 1 melting. Our data also

support this hypothesis, with increased melt rates at deep ice drafts under Filchner Ice Shelf
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during 1999-2000 and decreased melt rates (including a short-lived transition to refreezing) at
Site 5 between 2000 and 2004 (Figure S5). Melt rates of Amery Ice Shelf, spatially averaged for
deep ice drafts, varied from near 0 to 6.5 m yr'! with particularly high values 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 (Smith et al., 2009);
subglacial discharge is known to drive energetic plumes (Motyka et al., 2013; Washam et al.,
2019) that increase basal melt rates near grounding lines.

For Amundsen Sea ice shelves, melt rates showed substantial variability, with the highest
sustained rates occurring in the late 2000s (Figure 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 (Dutrieux et al., 2014; Paolo et al., 2018)
and decadal (Jenkins et al., 2018) time scales. The magnitude of variability in our estimated melt
rates of Dotson Ice Shelf (around 60 Gt/yr peak to trough) is consistent with the variability in
independent estimates of meltwater flux from repeated oceanographic sections along the ice-
shelf front (Jenkins et al., 2018) (Figure S6) but is larger than the variability expected from an
ocean model that used atmospheric forcing from the same period (Kimura et al., 2017). Excess
basal melting and changes in ice shelf extent (Figure S8, Table 1) in the Amundsen Sea sector
between 1994 and 2018 could be due to a longer-term increase in the thickness of CDW
incursions under ice shelf cavities associated with atmospheric and oceanic responses to

anthropogenic forcing (Holland et al., 2019).

4.5 Summary
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Our new estimates of time-varying melt rates allows assessment of whether ocean
circulation models are adequately representing the complex feedbacks between water-mass
production and conversion processes acting under the ice shelves and over the continental
shelves offshore. The large temporal variability of melting in all three modes (Figure 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 (Budillon et al., 2011; Foldvik, 2004;
Williams et al., 2016). Changes in Mode 2 and Mode 3 melting modify the fluxes of meltwater
into the upper ocean in adjacent coastal regions (Nakayama et al., 2014; Porter et al., 2019).
Increased ocean stratification from shallow sources of cold, buoyant water alters the seasonal
cycle of sea ice (Petty et al., 2014) and decreases the potential for deep convection that drives
production of Dense Shelf Water types including HSSW. Changes in relative 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 (Nicholls, 1997).

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 (500 m grid) for most ice-shelf
areas, averaged over the period 2010-2018. The second dataset allows for the evaluation of
annual estimates of basal melt rates at lower spatial resolution (>10 km) for the period 1994—
2018. Together, these datasets 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 melting. Our data provide insights into the glaciological and
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climate drivers of processes that modulate current ice-sheet mass loss, and improved metrics for

calibration and validation of melt rates used in both ice—ocean and Earth-system models.
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Figure 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).
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purple lines are hypothetical steady-state meltwater fluxes (that is, the meltwater fluxes required
to maintain constant ice-shelf mass). 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.
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Figure 3. 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 (Rignot et al., 2013; Depoorter et al.,
2013) (width indicates time period, height indicates 95% confidence interval).
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Figure 4. a—d, Area-averaged basal melt rates (in m of ice equivalent per year) for selected
regions within the four largest Antarctic ice shelves. a, Ross. b, Ronne. ¢, Filchner. d, Amery.
Regions shown in red experience melting predominantly from cold HSSW inflows at deep ice
drafts (Mode 1), while regions shown in blue typically experience melting from intrusions of
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.
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4.6 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 observed using satellite
altimetry (Dh/Dt), where h is the ice shelf surface height relative to the height of the ocean
surface R,ceqn, is related to the surface mass balance (M,; kg/(m? yr)), 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) (Moholdt et al., 2014):

Dh _ (pw=PI)(Ms _ pv.« _ Dhgir
or = ( HV-v w,,)+ air (S1)

Pi

where v is the two-dimensional grid of ice surface velocity vectors (m/yr), H; is ice shelf
thickness in units of m of ice equivalent, p,, is the density of ocean water (assumed to be 1028
kg/m?), and p; is the density of ice (assumed to be 917 kg/m?). Here, H; is given by H; = H —
hgir, 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 S1.

Height of the ocean surface

We estimated the height of ocean surface h,coqn as

hocean = hgeoid + hmdt + hot + hibe + hlt + hslr' (Sz)
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where hgeoiqi8 the height of the EIGEN-6C4 geoid (Forste et al., 2014), hp,4.is mean dynamic
topography from DTUI3MDT (Andersen et al., 2016), h,, is the ocean tide from the CATS2008
tide model (Howard et al., 2019) (an update to the model described by Padman et al., 2002), h;p,
is a correction for the inverse barometer effect due to atmospheric pressure variability and is
obtained from the MOG2D Dynamic Atmosphere Correction (Carrére & Lyard, 2003), h;; is the
ocean load tide estimated using the TPXO7.2 model (Egbert & Erofeeva, 2002), and hg,- is the
increase in mean sea-level around the Antarctic coast reported by Rye et al. (2014). Of the terms

on the right-hand side of Equation S2, we only considered temporal variability of h,, h;;., and

hy, and hg,.

Lagrangian height changes
We derived Dh/Dt, following Moholdt et al. (2014), by first advecting the locations of

CryoSat-2 footprints, initially at X, , to their 2015 locations X using

X=X + 25315 Vzo15 AL, (S3)

where At is 0.01 years. For v,4;5, we used ice velocities from a 2015 mosaic derived from
Landsat-8 feature tracking at 300 m posting (Gardner et al., 2018). 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 Rignot et al.
(2017). 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
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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 Adusumilli et al. (2018) (their Section S1).
We discarded data in a grid cell when the uncertainty in Dh/Dt estimated from the plane fit was

greater than 0.5 m/yr.

Thickness change due to ice shelf divergence (H;V - v)

We estimated the H;V - v term in Equation S1 using ice thickness (H;) estimated from
CryoSat-2 data following Adusumilli et al. (2018) but using the advected footprint locations as
described above. For V - v, we used strain rate estimates and associated uncertainties from Alley
et al. (2018), 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 Moholdt et al. (2014) for Filchner, Ronne, and

Ross ice shelves.

Surface mass balance (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; Gelaro et al., 2017), which we combined with
an offline high-resolution MERRA-2 ‘replay,” denoted M2R12K (Smith et al., 2020), 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, it’s 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
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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 Arthern et al. (2010) implemented in the Community Firn Model (CFM;
Stevens et al., 2020) to estimate dh,;,-/dt (Smith et al., 2020). We refer to this firn densification
model as GSFC-FDMvO0, 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 Dhg;,-/Dt = dh,;,-/dt because of the low spatial resolution of the firn model output
compared to the distances over which the CryoSat-2 footprints were advected in the Lagrangian
framework. GSFC-FDMvO provides dh,;,-/dt values at 12.5 km spatial posting and 5-day
temporal sampling (Smith et al., 2020). 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 Smith et al. (2020).

Steady-state basal melt rates

We estimated the “steady-state” basal melt rate, W, s¢eqqy , required to keep ice shelves in
steady-state mass balance (equivalent to assuming that there is no net change in H;)
using

_ My
Wb,steady - p

) (V- (H; V), (S4)

i

where (-) represents the time-average value. There is no temporal variability in our estimates of

Wp steady - We used the 1994-2018 mean values from the MERRA-2 Hybrid (precipitation minus
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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 dependent, area-integrated meltwater fluxes

We estimated the ice shelf draft, D;, the depth of the ice shelf base below mean sea level,
using D; = p;H;/p,,. For grid cells in which we were not able to estimate H;, we used values
estimated using BedMachine (Morlighem et al., 2020) data (Figure S2¢). We obtain the
dependence of area-integrated meltwater fluxes on ice shelf draft D; (Figure 2) by integrating w,,

in discrete bins of D; at 30 m spacing.

Ocean thermal forcing

We define thermal forcing, AT (Figure 1), as the temperature above the in situ freezing
point of seawater, Tr. We obtained profiles of ocean temperature (T) and salinity (S) from the
World Ocean Database 2018 (Boyer et al., 2018), then estimated the values of Ty = f(T, P),
where P is pressure, from the function described by McDougall et al. (2014) and implemented in
the Gibbs SeaWater Oceanographic Toolbox of TEOS-10 (McDougall & Barker, 2011). We only
used profiles that satisfied one of the following criteria: (i) profile extends to at least 800 m in
water depth z, deeper than 800 m; or (ii) profile extends to within 150 m of the seabed (evaluated
from Rtopo2; Schaffer et al., 2016) 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 Antarctic Surface Water and focus on deeper water
masses on the continental shelf that have access to the cavities under ice shelves; i.e., primarily

Mode 1 and Mode 2 melting. For z, <200 m, we take the value of AT at the deepest point in the
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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 (Dinniman et al., 2011; Dunn & Ridgway, 2002).

Time series of height change from Eulerian ERS-1, ERS-2, Envisat, and CryoSat-2 analysis

In addition to 20102018 mean values of w;, from Lagrangian analysis of CryoSat-2 data,
we also 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
19922018, we only considered grid cells where there were sufficient data from all four
missions, as described below.

We obtained ERS-1, ERS-2, and Envisat height data (hggs/gny,) from Brockley et al.
2017) and Soussi et al. (2018). We corrected hggs/gny for change in the ocean surface

h,ceanusing Equation S2. 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) + mgt + mys + mgh + mof + h,.(t), (S5)

where f(x,y) = m;x + myy + mszx? + m,y? + msxy represents surface topography, t is

time in decimal years, s is a satellite ascending/descending binary flag (0 or 1), b is backscatter,
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and f is a binary mode flag that is only applied to data from ERS-1 or ERS-2, based on whether
the heights were from ocean-mode or ice-mode data. The parameters in Equation S5 (hgy, m;_1¢)
were estimated using a robust linear regression where outliers outside the min(30,10 m) range
were discarded in 10 iterations. We estimated standard errors of the regression for each of the
parameters in Equation S5, and discarded grid cells with an error greater than 0.3 m/yr in m,
The residuals in the linear regression h,.(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

2 g+ E (S6)

dt dt

We processed CryoSat-2 data using the Eulerian ‘plane-fit’ technique described in Adusumilli et
al. (2018) (their Section S1) after applying the same geophysical corrections used for ERS-1,
ERS-2, and Envisat data.

To avoid biases from different spatial sampling, we discarded data from all grid cells
which 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 = (dhggs_1/dt + dhgrs_o/dt)/2 during 1995-1996, dh/dt = (dhgrs_»/
dt + dhgy,,/dt)/2 during 2002-2003, and dh/dt = (dhggs—»/dt + dhgy,,/dt)/2 during

2010-2011.
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Influence of surface melting on radar-derived height changes

We found large decreases in RA-derived height changes between 1992 and 1994 across
Antarctica. In some previous studies (Paolo et al., 2015; Paolo et al., 2016), data from this period
were excluded due to this anomalous signal. Using surface melt data from RACMO and a
positive degree day model based on MERRA-2 (Smith et al., 2020), we found that this change in
RA-derived height change was primarily due to a large circum-Antarctic surface melt event in
December 1991. This melt event likely 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
1980-2016 MERRA-2 period (Nicolas et al., 2017). 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 Moholdt et al.
(2014). 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 McMillan et al. (2014).
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

Moholdt et al. (2014) to use a single time series for the entire ice shelf.
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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 (Wp, gnom, relative to

the 2010-2018 mean) using:

My, pw (dh dhair,
Wb,anom(t) = Sl:zom - pwﬁpi( Ztom - al;:nom) -V (Hi V)anoma (S7)

where Mg g10m, ARgnom/dt, and dhgiy gnom/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 time scales 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 Mouginot et al. (2014) for the 1994-2013 period and from
Mouginot et al. (2017) for the 2014-2017 period. Gaps in the time series of V- (H; V) gnom Were
filled using linear interpolation. We produced time series of basal melt rates, wy,(t), by adding
high resolution melt rates from CryoSat-2 analysis to the time series of melt rate anomalies

Wp anom (t). We assume that there was no change in wj, in regions south of 81.5°S, the orbit limit

of the ERS-1, ERS-2 and Envisat satellites.
Uncertainty estimation

We compared GSFC-FDMvO0 estimates of dh;,-/dt with previously published estimates
from an atmospheric model (RACMO2.3p2; Wessem et al., 2018) and the associated firn
densification model (IMAU-FDM; Ligtenberg et al., 2011) between 1979 and 2016 (the time

period available for RACMO and IMAU-FDM). Using this comparison, we derived an
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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 (Pritchard
et al., 2012) (Figure S7a); and (b) 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 Figure S7b for annual time scales, but they are smaller for
the longer time scales 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 S5 as the uncertainties from the
linear regression, and propagated these to h(t) in Equation S6. Uncertainties in h,.(t) were
estimated as the standard deviation of heights from the residuals of Equation S5 within each
quarterly bin. Uncertainties in H;V - v were provided by Alley et al. (2018), uncertainties in
M were estimated using a moving standard deviation at annual time scales, and the uncertainties
in the advection of heights from Lagrangian processing were not considered; compared to
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 of Figure 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 Agqymyp (t), Which were used to produce 100 time

series of dhgqmy/dt. The standard deviation of d hqpm,, /dt provided the final uncertainty in
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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 (Table 1).

Estimates of marine ice thickness

We estimated thickness of marine ice (H,,,) under Ronne and Amery ice shelves from

our steady-state basal melt rate estimates, Wy steqqy (Joughin & Vaughan, 2004):

dH, Wp steady— HmaV'Vv
ma _ Mhsteodylnal (38)

ds |v]|

where Hp,, = 0 and s represents the distance along a flowline. Here, we use W, steqqy 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 time scales. We generated flowlines for Ronne
and Amery ice shelves, and solved Equation S8 using As = |v| At with At = 1 year, assuming
Hp,, = 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 (Fricker et al., 2001; Lambrecht et al., 2007)

(Figure S3).
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 (Cook and Vaughan, 2010) and excess iceberg calving
rates due to long-term dynamic thinning of Amundsen Sea (MacGregor et al., 2012) have also

contributed to net ice-shelf mass loss and increases in meltwater export to the upper ocean in
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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
(Griggs & Bamber, 2011). We estimate a net mass loss of 1650+200 Gt from Antarctic Peninsula
ice shelves during our record (Figure S7) due to the hydrofracture-induced collapse of Larsen A,
Larsen B, and sections of Wilkins ice shelves (Scambos et al., 2004; Scambos et al., 2009). 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 (Figure 3a).
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CryoSat-2
Envisat
ICESat

25 km

Figure S1: 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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Figure S2: Key ice observations across Antarctic ice shelves. Panels (a—e) 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 (Morlighem et al., 2020); 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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Figure S3: 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 Joughin and Vaughan, (2004) described in Methods. 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 (Fricker et al., 2001; Lambrecht et al.,
2007).
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Figure S4. 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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Figure S5. Basal melt rates at Site 5, Ronne Ice Shelf. 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 (Nicholls et al., 2003). Time
series are smoothed with a low-pass filter with a three-year cutoff.

Dotson Ice Shelf

100 Vel rates from altimetry, annual estimates

Melt rates from oceanographic observations

| Interpolated melt rates from altimetry
~ 80 15T
> =
3 E
= 60f Qo
2 N 105
g ©
® 407 IS
: ?
[} 5 ®©
= 20} ©

0 0
1995 2000 2005 2010 2015

Figure S6. 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) (Jenkins et al., 2018). To aid visual
comparison, we interpolated (in black) the raw time series to the timestamps of the
oceanographic measurements.
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Figure S7. 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 (Pritchard et al., 2012). (b) Uncertainty arising from
resolution and errors in model physics, estimated as the differences between the outputs from the
GSFC-FDMVO (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 (Ligtenberg et al., 2011). These uncertainties represent an upper bound and
are lower at the longer time scales typically considered in this study.
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Figure S8. 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).
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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.

Basal melt rate, 1994-2018 | Meltwater flux, 1994-2018 Excess meltwater flux, Meltwater flux, 2010-2018
Ice Shelf Area (kmz) Latitude | Longitude (mlyr) (Gtlyr) 1994-2018 (Gtlyr) (Gtlyr)
George VI 22755 -72.39 -70.24 43 £ 22 888 + 457 l64 + 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 + 15 37.1 + 381 85 + 38l 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 £ 41 00 £ 41 42 £ 41
Pine Island 5950 -74.83 -100.79 140 £ 1.6 766 + 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 -74.46 -124.49 42 £ 14 124.1 £ 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 09 + |5
Nickerson 6001 -7581 -145.84 12 + 14 65 £ 79 Ol + 79 80 + 79
Sulzberger 11229 -77.08 -148.58 15 + 13 157 £ 133 6 + 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 31,0 £ 453
Drygalski 2168 -75.38 163.16 19 + 09 38 £ 17 05 £ 1.7 38 + 17
Nansen 1835 -74.86 163.15 6 = Il 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 13 + 39 57 £ 39
Cook 3408 -68.54 15278 I3 £ 16 39 £ 51 -1.0 + 5l 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 [16.12 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 20.1 £ 25. 29 £ 251 157 £ 251
Wilkes 63202 - - 35 £ 09 2014 + 54.1 30.0 + 541 183.5 + 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 + 29.1 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 I+ Ll 70 £ 72 06 £ 72 74 £ 72
Vigrid 2071 -70.23 833 12 £ 10 23 £ 18 02 £ 18 23 £ 19
Atka 1780 -70.61 -6.84 10 = 12 6 £ 19 03 £ 19 15 = 19
Jelbart 10756 -70.97 -4.33 10 + Il 99 £ 113 1.6 + 113 99 £ 113
Queen Maud 215208 - - 08 + 03 160.7 + 628 126 + 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 + 03 814 + 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 + |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
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Chapter 4, in full, is a reprint of the material as it appears in the journal Nature
Geoscience. Adusumilli, S., Fricker, H. A., Medley, B., Padman, L., & Siegfried, M. R. (2020).
Interannual variations in meltwater input to the Southern Ocean from Antarctic ice shelves.
Nature Geoscience, 13(9), 616-620. The dissertation author was the primary investigator and

author of this paper.
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Chapter 5
Atmospheric River Precipitation Contributed to Rapid Increases in Surface

Height of the West Antarctic Ice Sheet in 2019

Abstract

Estimating the relative contributions of the atmospheric and dynamic components of ice-
sheet mass balance is critical for improving projections of future sea level rise. Existing
estimates of changes in Antarctic ice-sheet height, which can be used to infer changes in mass,
are only accurate at multiyear time scales. However, NASA's Ice, Cloud, and land Elevation
Satellite-2 (ICESat-2) laser altimetry mission now allows us to accurately measure changes in
ice-sheet height at subannual time scales. Here, we use ICESat-2 data to estimate height changes
over Antarctica between April 2019 and June 2020. These data show widespread increases in
surface height over West Antarctica during the 2019 austral winter. Using climate reanalysis
data, we show that 41% of increases in height during winter were from snow accumulation via
extreme precipitation events—63% of these events were associated with landfalling atmospheric

rivers (ARs) which occurred only 5.1% of the time.

5.1 Introduction

The net mass balance of the Antarctic Ice Sheet is the result of mass gains and losses
from competing processes due to interactions between ice, ocean, and atmosphere acting on
decadal to centennial time scales, and ultimately contributes to sea level (Smith et al., 2020a).
Ongoing mass loss is occurring due to increased ice flow into the ocean driven by excess ocean-

driven melting of its floating ice shelves (Adusumilli et al., 2020; Gudmundsson et al., 2019),
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which is partially offset by increased snowfall over the interior (Medley & Thomas, 2019).
Improvements in projections of future mass loss require observational constraints on these
processes, which can be estimated using a variety of satellite-based techniques (e.g., IMBIE
Team, 2018).

Satellite altimeters make precise measurements of changes in ice sheet height at high
spatial resolution; height changes can occur due to surface processes (e.g., Helsen et al., 2008) or
changes in ice flow (e.g., Gardner et al., 2018). Separating these components is critical for
understanding the atmosphere and ocean drivers of mass loss, and requires estimates of height
change due to surface processes that are typically made using models of the atmosphere and
near-surface firn (e.g., Ligtenberg et al., 2011). Although several studies have used a
combination of satellite altimetry and firn models to measure changes over the ice sheet at
interannual to decadal time scales (e.g., Shepherd et al., 2019; Smith et al., 2020a), changes at
shorter periods, such as those due to extreme precipitation, have not been adequately considered.
Field observations, model outputs, and some remote sensing measurements have shown that
large height changes can occur over the ice sheet at short-period time scales. For example,
atmospheric rivers (ARs) can drive large amounts of snowfall (Gorodetskaya et al., 2014) and
snowmelt (Wille et al., 2019) over a period of days, and changes in ocean forcing can drive
changes in ice flux within a span of months (Christianson et al., 2016).

The Ice, Cloud and land Elevation Satellite-2 (ICESat-2) was launched in September
2018 and carries a laser altimeter (the Advanced Topographic Laser Altimeter System; ATLAS),
which provides near-complete coverage of the ice sheets up to 88° latitude. The high precision of
the altimeter, the small footprint of the ATLAS beam, and the minimal penetration of the green

laser into the snowpack provide an unambiguous height measurement over the ice sheets. Here,
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we use data from the ICESat-2 mission to estimate height changes over the Antarctic Ice Sheet
between April 2019 and June 2020. We focus on the West Antarctic Ice Sheet (WAIS), where
we observe large increases in surface height. Using model outputs from the Modern-Era
Retrospective Analysis for Research and Applications, Version 2 (MERRA-2) reanalysis (Gelaro
et al., 2017), we show that these height increases were due to several short-duration extreme (top
5%) precipitation events occurring primarily in the austral winter of 2019. Around half of all
extreme precipitation coincided with landfalling ARs, suggesting that ARs could have a major

influence on the surface mass balance of WAIS.

5.2. Atmospheric drivers of ice sheet change
5.2.1 Atmospheric forcing of height and mass changes over West Antarctica

Atmospheric processes play a major role in determining changes in surface height and
mass over WAIS. These impacts can be direct, through changes in precipitation and snowmelt,
or indirect, such as through changes in firn compaction or through atmospheric forcing of
changes in ocean-induced ice shelf basal melt (e.g., Paolo et al., 2018; Thoma et al., 2008;
Turner et al., 2017). Precipitation over WAIS mainly occurs through a combination of clear-sky
snowfall from “diamond dust” (e.g., Sato et al., 1981) and intrusions of marine air that can
provide a large quantity of snow over a short period of time (e.g., Turner et al., 2019). Marine air
intrusions, sometimes occurring through landfalling ARs, can also increase snowmelt over the
ice sheet (e.g., Nicolas et al., 2017; Scott et al., 2019; Wille et al., 2019), which can cause a
relative decrease in the height of the snow surface (e.g., Pritchard et al., 2012).

Atmospheric conditions over WALIS are strongly influenced by the strength and location

of the Amundsen Sea Low (ASL), a low-pressure system whose climatological center is typically
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located off the coast of WAIS. The ASL changes seasonally: it is typically weaker and its center
is located over the west of the Antarctic Peninsula in the summer, and is stronger and north of
Ross Ice Shelf in the winter (Fogt et al., 2012). This seasonal pattern in ASL is responsible for
increased winter precipitation over WAIS (Hosking et al., 2013). Major drivers of changes in the
ASL include the Southern Annular Mode, a leading mode of atmospheric variability in the
Southern Hemisphere, and teleconnections from the tropical Pacific associated with the El Nifo-
Southern Oscillation (e.g., Ding et al., 2011; Fogt et al., 2011; Thompson & Wallace, 2000;

Turner, 2004).

5.2.2. Atmospheric rivers in polar regions

ARs are long, narrow bands of anomalously high moisture transport, typically contained
in the lowest 4 km of the atmosphere, and often associated with extratropical cyclones (e.g.,
Ralph et al., 2017). ARs can be detected using measurements made from ground-based, airborne,
and satellite platforms and regional models (e.g., O'Brien et al., 2020; Ralph et al., 2019; Wick et
al., 2013). However, most studies over polar regions have used outputs from atmospheric
reanalysis because of a lack of observations. In reanalysis data, ARs can be identified as regions
where there is an exceptional amount of moisture being advected horizontally in the lower
portions of the troposphere concentrated in long (typically >2,000 km) but narrow regions (e.g.,
Ralph et al., 2019). The techniques used to detect ARs in midlatitude or subtropical regions
differ from those used near the ice sheets because of the lower saturation capacity of the
troposphere in polar regions and the strong katabatic winds present near the ice sheet surface
(Gorodetskaya et al., 2014). ARs can deliver large amounts of snowfall over both ice sheets: for

Antarctica, the frequency of landfalling ARs and the associated amount of snowfall can be
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highly variable (Gorodetskaya et al., 2014; Mattingly et al., 2018; Wille et al., 2020). At the
same time, ARs can also drive increased snowmelt in both Antarctica (Wille et al., 2020) and
Greenland (Mattingly et al., 2018), with the hypothesis that increased cloud liquid and ice water
content in ARs enhances downward longwave radiation (e.g., Bennartz et al., 2013). Therefore, it
is necessary to quantify the competing influences of ARs on the surface mass balance of the ice

sheets.

5.3. ICESat-2 Detection of Height Changes
5.3.1. ICESat-2 Data and Repeat-track Analysis

ICESat-2’s ATLAS instrument was designed to provide estimates of surface height using
three pairs of green laser beams (Markus et al., 2017). On the ground, the two beams within a
beam pair are separated by around 90 m and each beam pair is separated by around 3.3 km.
During typical ICESat-2 operation over the ice sheet, the central beam pair straddles a reference
ground track (RGT). Data were collected along the same RGTs every 91 days. Each ICESat-2
cycle constitutes data collection for all of its 1387 RGTs, starting with 1, over a 91-day period.
The laser altimeter started pointing to the RGTs in March 2019, before the planned acquisition of
data over RGT 1 in Cycle 3.

We estimated height changes over the Antarctic Ice Sheet using ATLO06 data from five
91-day cycles (Cycle 3 to Cycle 7; May 2019 to May 2020) of the ICESat-2 mission. We first
removed all data flagged by the “ATL06 quality summary”, which highlights segments with high
surface slope or roughness, high uncertainty in surface height, unreliable higher-level data, or
cloudy conditions. We also removed ATL06 segments over which repeat data were not available

within a distance of 22 m (approximately two times the ATLAS beam footprint). For any two
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given cycles, denoted ‘a’ and ‘b’, we used the ATLO06 estimates of surface height, h, and h,,
across-track slope for each beam pair, s, and s, and the absolute value of the distance from the

RGT, d, and dj,to estimate the height change Ah using

Ah: (hb- ha) + (db- da) Sp, lf db > da

Ah= (hb- ha) + (da- db) Sar if da > db'

We removed all ATL06 segments for which Ah over the 91-day period (4t) exceeded a rate of
50 m/yr, or if the difference in Ah/At between neighbouring segments exceeded 10 m/yr. We

also removed all segments for which there was not a neighbouring segment with valid data.

5.3.2. Changes in ice sheet height, 2019-2020

ICESat-2's high-resolution high-precision repeat-track measurements of height change
over the Antarctic Ice Sheet reveal new signals, and detect detailed patterns of change previously
unresolved by other instruments. Because there is negligible penetration of the laser into the
snowpack, height change estimates from ICESat-2 can be unambiguously linked to surface and
dynamic processes. Similar to previous laser altimetry studies (e.g., Smith et al., 2020b), spatial
patterns of height change between Cycle 3 (May 2019; month representing the central month of
the 91-day acquisition period) and Cycle 7 (May 2020) show the combined influence of
atmospheric processes and ice sheet dynamics (Figure 1). The largest decreases in height
occurred at the Amundsen and Bellingshausen coasts in West Antarctica, likely a response to

changes in ocean forcing of ice shelf melt (e.g., Adusumilli et al., 2020; Jenkins et al., 2018) in
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those sectors. In contrast, there were smaller increases in surface height in the interior of WAIS
due to increases in the rate of snowfall minus evaporation (S — E).

Shorter-period (3 months) changes between consecutive ICESat-2 cycles over WAIS
(defined in this study as the region shown within the inset box in Figure 1) showed significant
spatial and temporal variability (Figures 2a—2c), and contrasts between seasons. In this study, we
define austral winter as the period between May and October and austral summer as the period
between November and April. During the austral winter between Cycle 3 (May 2019) and Cycle
4 (August 2019), there was a widespread increase in surface height across the ice sheet, with the
largest increases occurring closer to the coast. Between Cycle 4 (August 2019) and Cycle 5
(November 2019), representing the transition between austral winter and austral summer, many
regions showed decreases in height. This was followed by a widespread decrease in height across
the WAIS during the austral summer between Cycle 5 (November 2019) and Cycle 6 (February

2020).

5.4. Drivers of observed changes in ice sheet height over West Antarctica
5.4.1. Atmospheric forcing of observed height changes

We can examine the relative contribution of atmospheric drivers to the observed height
changes using models of firn layer thickness change (4h¢;,). These models can incorporate a
wide range of complexity, from a simple scaling of changes in § — E to a full firn densification
model (FDM) that includes processes such as compaction of the entire firn column and surface
melt. Here, we use three estimates of 4k, from (1) changes in MERRA-2 § — Escaled using a
constant surface snow density of p3so = 350 kg/m? (2) changes in MERRA-2 S — E scaled using

a map of spatially varying surface snow density p(x, y) derived using in situ firn depth-density
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measurements (Medley et al., 2020), and (3) version 1 of the GSFC-FDM (Smith et al., 2020a;
Medley et al., 2020). Estimates from (2) are shown in Figure 2d-f. For (1) and (2), we use
MERRA-2 S — E to estimate height changes because surface melt is not a direct output of
MERRA-2 and we do not expect rainfall to drive increases in height of the snow surface. For (3),
GSFC-FDM simulates changes in the firn column at 5 day temporal sampling using a calibrated
Arthern et al. (2010) densification scheme implemented through the Community Firn Model
(Stevens et al., 2020). The FDM is forced using precipitation minus evaporation, skin
temperature and meltwater flux from a degree-day model using outputs derived from a
combination of the MERRA-2 reanalysis and an offline 12.5 km resolution MERRA-2 ‘replay’
(Smith et al., 2020a). For consistency, we sampled the estimates of Ahg;, to the same
acquisition times and locations as the ICESat-2 data.

The widespread increase in the altimeter-derived height change (4h/At) over WAIS
during austral winter was due to increased 4hy;, /At during that period (Figure 2d). The
magnitudes of Ahg;,, /At for the time periods represented by the subsequent two cycle-to-cycle
height change estimates were smaller (Figure 2e-f). The difference between Ah/At and
Ahygin /At for all three cases (Figure 2g-1) reveals height changes due to changes in ice dynamics
and inadequacies of our Ahy;,, estimate, including errors in the MERRA-2 reanalysis, in fully
representing the height changes due to atmospheric and densification processes.

To evaluate the efficacy of the three techniques described above in representing height
changes of the snow surface, we used a metric based on variance reduction, defined here as 1 -
var(Ah — Ahgy)/var(4h). In all cases, subtracting Ahy;,,, from Ah reduced the variance in
the gridded data (Figure 2g-i). For height changes between cycle 3 and cycle 4, the variance

reduction was 62% for estimates of Ahs;,, from both the FDM and § — E scaled using p(x,y),
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but decreased to 58% when S — E was scaled using p3s5q. For height changes between cycle 4
and cycle 5, the variance reduction increased from 3% for the estimates that use p;5, to 6% for
the estimates that use p(x, y), and to 17% for estimates from the FDM. For height changes
between cycle 5 and cycle 6, the FDM could not be sampled because data were only available
until the end of 2019, but the variance reduction was similar between the estimates that use pss
(42%) and those that use p(x,y) (40%). For height changes between cycle 6 and cycle 7 (not
shown in Figure 2), variance reduction increased from 2% for the estimates that use p35o to 10%
for the estimates that use p(x, y). From this evaluation, we find that using a full FDM is
preferable over using only S — E to estimate Ahy;,-,,, with a relative impact that depends on the

time period in consideration. If a full FDM is not available, 4hy;,.,, estimates made by scaling

S — Evalues using a spatially variable surface snow density field are preferable over estimates

scaled using a constant density.

5.4.2. Atmospheric river detection

We examined the contributions of ARs toward the observed height changes. The
technique we used to detect ARs landfalling over WALIS is nearly identical to that described by
Wille et al., (2019). Detections are based on vertically integrated water vapor (/WV), which we
calculate at 6-hourly intervals using specific humidity (g) from the MERRA-2 reanalysis

summed over the 300900 hPa pressure levels:

900 hPa

1
IWV=—f dp,
g J3 aap

00 hPa
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where g is the acceleration due to gravity and dpis the spacing of the pressure levels in the
reanalysis data. We calculated IWV values between 2000 and 2020 for regions between 45S-90S
and 60W—-180W. We catalogued an AR if IWV values in a region that spanned at least 20°
(>2200 km) in the meridional direction, allowing for discontinuities no larger than 1°, and were
in the top 2% of monthly averaged MERRA-2 climatologies. For each month, the climatologies
represented all 6h IWV values between 2000 and 2019. In our analysis, we only considered
periods during which AR conditions intersected with the grounded portion of WAIS. Another
frequently used metric to detect ARs is the vertically integrated vapor transport (/V'T), which
includes the role of moisture transport by winds in the lower troposphere (e.g., Ralph et al.,
2019). The number of ARs detected in 2019 using /V'T differed from the number detected using
IWV by around 60%, which is consistent with differences over WAIS for previous years (Wille
et al., 2019). However, the choice of metrics for AR detection did not affect the major

conclusions of this study in any substantial way, as discussed below.

5.4.3. Contribution of atmospheric rivers to mass balance over West Antarctica

We detected AR conditions over WAIS during 3.9% of the 2019 calendar year (Figure
3a). The duration over which an AR can influence precipitation across a region depends on a
variety of factors including AR intensity and orography (e.g., Hecht & Cordeira, 2017; Lamjiri et
al., 2017, 2018). ARs have been observed to influence precipitation for up to 3 days in East
Antarctica (Gorodetskaya et al., 2014). If we conservatively assume that an AR can influence
precipitation during the AR detection period and 24 h following landfall, 19% of total
precipitation in 2019 occurred through landfalling ARs (Figure 3a). Under this assumption, 55%

of the periods with extreme (top 5%) precipitation followed AR landfalls in 2019. For ARs
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detected using /VT instead of IWV, 37% of the periods with extreme precipitation followed
landfalls. A majority of the ARs (67%) and extreme precipitation events (78%) that occurred in
2019 were detected between May and October (austral winter). During this period, there was an
18 cm increase in surface height due to § — £ anomalies, and extreme precipitation events
contributed to 41% of these increases. The subset of ARs that led to extreme precipitation
contributed to 26% of total increases and the remaining ARs contributed to 9% of increases.

In addition to changes in P — E, ARs also contributed to increased surface melt in both
summer and winter (Figure 3c). Here, we diagnosed surface melt using the percent area of the ice
sheet with 2m air temperatures (T,,,) greater than T,,,,;; = 270.5 K. The temperature of 270.5 K
as a threshold for melt is an optimized value derived in Medley et al., (2020). This was obtained
by minimizing r? and Root-mean-square error in a regression between remote sensing estimates
of surface melt from Trusel et al., (2013) and T5,,-Tyerr from MERRA-2. Using this metric, we
find that around 90% of summer ARs and 10% of winter ARs coincided with potential surface
melt over WALIS (Figure 3c). For ARs detected using /V'T, around 70% of summer events and 5%
of winter events coincided with potential melt. To estimate this, we upheld the assumption that
ARs can influence atmospheric conditions until 24h after landfall. Increased surface melt from
AR activity could lead to decreases in surface height. However, increases in A, from the FDM
following ARs (Figure 3b) suggests that the increased precipitation, rather than the increased rate
of surface melt, dominated the AR contribution towards surface height change. This is evident as
increases in surface height following ARs throughout the year (Figure 3b). This could change in
the future if the frequency or duration of ARs that make landfall over Antarctica increase as

predicted (e.g., Payne et al., 2020).
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We examined the associated synoptic conditions during June—September 2019 to
investigate the atmospheric forcing of increases in P — E and surface height during that period
(Figure 3a, Figure 4). Anomalies in 500 hPa geopotential heights show a seasonally persistent
ridge, higher than climatological values, centered near the Antarctic Peninsula. Additionally, a
seasonally persistent low between Victoria Land and New Zealand was also present (see also
Clem et al., 2020) and 60 m deeper than the 1980-2019 mean. This amplified, persistent, dipole
pattern aided in the advection of positively anomalous moisture through AR activity, indicated
by the enhanced AR activity, toward WAIS, resulting in anomalously high precipitation. This
dipole was also present in sea level pressure anomalies (not shown here), indicating a westward

motion and deepening of the ASL that enhanced seasonal precipitation over WAIS.

5.4.4 Longer-term context for mass changes in 2019

To place our results of inferred mass changes in 2019 into a longer-term context, we
compared them with a longer period time series that we compiled for 2003—2019 from MERRA-
2 P — E and the GRACE/GRACE-FO missions (e.g., Velicogna et al., 2020). We estimated net
mass balance from GRACE/GRACE-FO using mass concentration solutions from the Center for
Space Research provided on a geodetic grid at an approximate spacing of 120 km (Save et al.,
2016), which are designed to reduce “spatial leakage” of the mass balance signal compared to
previous solutions. These solutions include corrections for some low-order spherical harmonic
components of gravity change using satellite laser ranging (Loomis et al., 2019), and a correction
for glacial isostatic adjustment using the ICE6G-D model (Peltier et al., 2018). These estimates
show an increase in mass between June and September 2019 over WAIS (Figure 3d). This

increase in mass was followed by a decrease that lasted at least until the end of 2019. The
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magnitude of mass gain was similar to the magnitude of increases in P — E (Figure 3e). There
was a 5.4 cm increase in P — £ and a 1.7 cm decrease in net mass in 2019. These values are
higher than the average annual increase of 1.1 cm in P — E and decrease of 3.9 cm in net mass
between 2003 and 2019, and support our results that there was anomalously high austral winter
precipitation over WAIS in 2019 (see also Lenaerts et al., 2020). We conclude that the presence
of a seasonally persistent dipole near the Antarctic Peninsula in 2019 (Figure 4) was a likely

driver of the observed increases in P — E and net mass balance relative to past years.

5.5. Summary

We have used over a year of data from the ICESat-2 laser altimetry mission to estimate
short-term (3 monthly) changes in height over the Antarctic Ice Sheet between April 2019 and
June 2020. These data allow us to measure accurately changes at the snow interface with near
complete coverage over the entire continent four times a year at high along-track spatial
resolution. This represents a major improvement over previous height change estimates from
satellite radar altimetry, whose measurements represent changes occurring at an ambiguous
interface within the firn column, or previous airborne and spaceborne laser altimeters, which did
not have sufficient spatial or temporal resolution for precise estimates of subannual height
changes.

We found large increases in surface height over WAIS during the 2019 austral winter.
We show that these signals were driven by increased snow accumulation during that period, with
extreme precipitation events contributing to 41% of total increases in height driven by surface
processes. Using reanalysis data, we show that over half of these extreme precipitation events

occurred during or shortly after AR landfalls. This is significant because the frequency of ARs
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landfalling over Antarctica is expected to increase in the 21st century (Espinoza et al., 2018;
Payne et al., 2020), which can change the contributions of precipitation and surface melt toward
height and mass changes over the ice sheet. Ensuring that such events are well represented in firn
models will be critical for accurately separating surface processes from ice dynamics using
satellite altimetry, which is necessary to understand the drivers behind the Antarctic Ice Sheet

contribution to sea level rise.
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Figure 1: Surface height change over Antarctica between Cycle 7 (March 26, 2020 to June 25,
2020) and Cycle 3 (March 29, 2019 to June 26, 2019) estimated from ICESat-2 repeat-track laser
altimetry.
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Figure 2: Surface height change over WAIS from (a—c) ICESat-2 repeat-track laser altimetry
and (d—f) changes in snowfall minus evaporation (S — E) from the MERRA-2 reanalysis scaled
using a map of spatially varying surface snow density. The reanalysis data were interpolated to
the acquisition times and locations of the ICESat-2 data. (g—1) Differences between the height
changes shown in (a—c) and those shown in (d—f), and the associated variance reduction. Here,
we define the variance reduction as one minus the ratio of the altimeter-derived height changes
corrected for changes in § — £ (g—i) and the altimeter-derived height changes (a—c). All maps
were smoothed using a Gaussian filter with a 15-km diameter.
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Figure 3: Changes in atmospheric conditions, inferred surface height, and mass balance over
grounded ice in WALIS, defined here as the region within the inset box in Figure 1. (a)
Precipitation minus evaporation (P — E) from the MERRA-2 reanalysis in mm of water
equivalent per day at 6-h intervals. The green bars above (a) show the periods of acquisition of
ICESat-2 data for Cycles 3—6. (b) Time series of expected surface height change from (1)
integrated MERRA-2 snowfall minus evaporation anomalies relative to the 1980-2019 mean
(black line) and (2) GSFC-FDM (purple line). Data from GSFC-FDM were only available until
the end of 2019. (c) The percentage of grounded ice area with 2 m air temperatures exceeding
270.5 K, intended as a diagnostic of the ice sheet area with potential surface melt. The blue
vertical bars in (a—c) show the time periods during which landfalling ARs were detected over
WALIS. (d) Changes in integrated anomalies precipitation minus evaporation (P — E) anomalies
relative to the 2003—2019 mean value from the MERRA-2 reanalysis. (¢) Seasonal changes in
ice-sheet mass from the GRACE/GRACE-FO missions for the 2003-2019 period.
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500 hPa geopotential height anomalies, Jun-Sep 2019 (m)
Tracks of Atmospheric Rivers landfalling over West Antarctica
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Figure 4: 500 hPa geopotential height anomalies from MERRA-2 for June to September 2019
relative to the 1980-2019 monthly mean values in m. Tracks of atmospheric rivers landfalling
over WAIS (defined here as the region within the inset box in Figure 1) are shown as red lines.
Height changes from ICESat-2 laser altimetry between Cycle 3 (April-June 2019) and Cycle 7
(July—September 2019) over Antarctic grounded ice are also shown.
Chapter 5, in full, is a reprint of the material as it appears in the journal Geophysical

Research Letters. Adusumilli, S., Fish, M. A., Fricker, H. A., & Medley, B. (2021). Atmospheric
river precipitation contributed to rapid increases in surface height of the West Antarctic Ice Sheet

in 2019. Geophysical Research Letters, 48. The dissertation author was the primary investigator

and author of this paper.
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Chapter 6

Conclusions

The objective of the research described in this dissertation was to quantify the variability
in ice sheet height and mass using satellite radar and laser altimetry at sub-annual to interannual
time scales, and to separate the contributions of the atmosphere and the ocean to the observed
changes. Previous studies have shown considerable variability in the atmosphere and ocean
surrounding Antarctica at these time scales, and incorporating the influence of this variability on
ice sheet mass in models is critical for improving projections of future sea level rise. Despite this,
most previous studies using satellite data to monitor ice sheet mass have only reported the total
change that occurred over the satellite record and have not provided long, continuous time series
that are more insightful for comparisons with climate records.

Background: In Chapter 2, we described the various satellite laser and radar altimeter
missions used in this dissertation to estimate time series of changes in ice sheet height and mass
for the period 1992-2020. We documented the techniques used to convert altimeter data to the
heights over the grounded ice sheet, and the heights of ice shelves above the ocean surface. We
described how we account for various contributions to height change using ancillary datasets so
that changes in ocean-driven basal melting can be isolated. We also discussed the differences
between how ice sheet heights are derived from radar and laser altimetry data, and how these
differences affect the results presented in this dissertation.

We used satellite radar and laser altimetry data to study different mass budget processes
over the floating and grounded portions of the Antarctic Ice Sheet, on various time scales, as

follows:
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Surface processes and basal melting — Antarctic Peninsula ice shelves — ERS-
Envisat-CryoSat-2 radar altimetry, 1994-2016: In Chapter 3, we used satellite radar altimetry
data collected between 1994 and 2016 to estimate changes in height of the floating ice shelves
around the Antarctic Peninsula. We found decreases in the height of Larsen C Ice Shelf, the
largest ice shelf in the Antarctic Peninsula, between 1994 and 2009 followed by an increase
between 2009 and 2016; we validated these observations using airborne laser altimetry. Using a
model of the atmosphere and the near-surface firn layer, we showed that these increases were
primarily due to an increase in the firn air content driven by reduced surface melting. For ice
shelves on the west side of the Antarctic Peninsula in the Bellingshausen Sea, we found an
overall decline in mass during our record due to higher rates of ocean-driven basal melting than
those required to keep the thickness of the ice shelf constant. There is a larger ocean influence on
ongoing mass loss on the west side of the Antarctic Peninsula, while atmospheric forcing of
changes in the properties of the surface snow layer affects ice shelf mass loss on both sides.
These results provide a demonstration of how satellite altimetry data can be used to identify the
influences of atmospheric and oceanic forcing of ice shelf change over the past two decades in a
region that has changed rapidly during that period.

Basal melting —Antarctic ice shelves — ERS-Envisat-CryoSat-2 radar altimetry,
1994-2018: In Chapter 4, we used the same radar altimetry data used in Chapter 3, extended in
time to 2018, to estimate changes in the rates of ocean-driven basal melting over nearly all
Antarctic ice shelf areas between 1994 and 2018. In addition to that, we took advantage of the
new technology used in the newest polar-orbiting radar altimeter, CryoSat-2 (launched in 2010),
and its improved spatial sampling, to estimate the rate of basal melting of ice shelves between

2010-2018 at high spatial resolution. Together, these two datasets represent a major advance
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from previous continent-wide melt rate estimates, which were low spatial resolution averages for
a 5-year period (2003-2008), and did not include any insights into temporal variability. Using
these new data, we found large variations in basal melt rates integrated across the continent at
interannual time scales. The highest values occurred in the late 2000s and led to net ice-shelf
thinning. We also quantified mass loss due declines in ice shelf extent in the Antarctic Peninsula
and some portions of West Antarctica between 1994 and 2018; this mass loss was similar in
magnitude to that from thinning of ice shelves over the same time period. We identified the
depths at which melting or refreezing was occurring, and highlighted the distinct oceanographic
processes that determine melting at different depths. This is important because the depth at
which melting occurs plays a major role in how the resulting meltwater affects the surrounding
atmosphere, ocean, and ecosystems.

Surface accumulation — Antarctic Ice Sheet — ICESat-2 laser altimetry, 2019-2020:
In Chapter 5, we used laser altimetry data from the Ice Cloud and land Elevation Satellite-2
(ICESat-2), launched in September 2018, to estimate changes in the height of grounded ice at
seasonal timescales between April 2019 and June 2020. We found large increases in the surface
height of the West Antarctic Ice Sheet during the 2019 austral winter (May—October), which
occurred primarily due to higher rates of snowfall over the ice sheet during that period. Using
outputs from atmospheric reanalysis models, we showed that nearly half of all increases in height
during winter occurred due to snowfall delivered through extreme precipitation events—around
half of these events were associated with landfalling atmospheric rivers, which are long and
narrow bands of anomalously high moisture transport in the atmosphere. This study
demonstrates how unambiguous measurements of changes in the snow surface using laser

altimetry can be used to measure changes in snowfall over the ice sheet at seasonal and longer
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time scales, which can help reduce uncertainties in projections of sea level rise by improving the
representation of snowfall in climate models.

Summary: These three studies show how satellite radar and laser altimeter data can be
used to examine the large influence of changes in atmospheric and ocean conditions on processes
affecting the Antarctic Ice Sheet at seasonal to interannual time scales. They provide new
insights into the mass budget processes driving ongoing ice sheet change, and the techniques
described here will help with the continued development of key observational datasets at
continent-wide scales.

Future work: Future work in this research area would ideally focus on using satellite
altimetry data to improve model projections of sea level rise. This is already possible using the
datasets described in this dissertation; however, some advances in instrumentation and data
processing to improve the accuracy, precision, and coverage of these data would increase their
relevance further. First, improvements in the accuracy of height changes retrieved from radar
altimeters could be possible through detailed analyses of the interactions between the radar
signal and the snow surface. There has already been some progress toward this using data from
airborne platforms; although power limitations on spaceborne platforms result in reduced
precision of returns from the surface and subsurface, there is potential for extracting further
information from satellite data using more advanced data processing techniques. The
simultaneous operation of the ICESat-2 and CryoSat-2 satellite missions, together with the
previous simultaneous operation of the ICESat and Envisat missions, will also help quantify the
accuracy of height retrievals from radar altimetry. The accuracy of ice sheet mass changes
estimated from height changes measured using radar and laser altimeters is ultimately limited by

the accuracy of the firn models used to correct for surface processes over the ice sheet.
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Therefore, any work towards improving the characterization of the ice surface using radar
altimetry should be performed in conjunction with work towards improving firn models.

The rates of ocean-driven ice shelf melting described in Chapters 3 and 4 will be useful
toward improving the representation of ice shelf melt in models and model parameterisations.
However, because these data are only valid over ice shelf areas that are in hydrostatic balance,
they are not yet available in grounding zones, where the ice sheet transitions from being fully
grounded to freely floating. This is despite several studies that have showed that the accuracy of
ice sheet models is disproportionally affected if there was large disagreement between
observations and models in grounding zones compared to other ice shelf areas. Therefore,
extending satellite-derived melt rate estimates into grounding zones using corrections for ice
shelf flexure in those areas is of critical importance.

The ability of ICESat-2’s laser altimeter to obtain seasonal measurements of changes at
the snow surface across the entire ice sheet provides a unique opportunity to improve the
treatment of snowfall over the ice sheet in the next generation of reanalysis and climate models.
This is important because uncertainties in future snowfall and snowmelt are a major contributor
to uncertainties in future sea level rise. Chapter 5 provides a demonstration of how ICESat-2 data
can be used to evaluate the ability of models to represent surface height changes over the West
Antarctic Ice Sheet. Studies such as these should be extended to the entire ice sheet in the future,
and improvements in temporal sampling are also possible in the ice sheet interior where the
altimeter has better coverage.

Finally, extensive field measurements are necessary to further validate all of the satellite-
derived datasets described here, and to identify changes over the ice sheet occurring over the full

range of spatial and temporal scales represented in the current generation of models.
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