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Abstract. Antarctica’s floating ice shelves modulate discharge of grounded ice into the ocean by providing a 

backstress. Ice shelf thinning and grounding line retreat have reduced this backstress, driving rapid drawdown of key 

unstable areas of the Antarctic Ice Sheet, leading to sea level rise. If ice shelf loss continues, it may initiate 10 

irreversible glacier retreat through the marine ice sheet instability. Identification of areas undergoing significant 

change requires knowledge of spatial and temporal patterns in recent ice shelf loss. We used 26 years (1992—2017) 

of satellite-derived Antarctic ice shelf thickness, flow and basal melt rates to construct a time-dependent dataset of 

ice-shelf thickness and basal melt on a 3 km grid every 3 months. We used a novel data fusion approach, state-of-

the-art satellite-derived velocities, and a new surface mass balance model. Our data revealed an overall pattern of 15 

thinning all around Antarctica, with a thinning slowdown starting around 2008 widespread across the Amundsen, 

Bellingshausen and Wilkes sectors. We attribute this slowdown partly to modulation in external ocean forcing, 

altered in West Antarctica by negative feedbacks between ice shelf thinning rates and grounded ice flow, and sub-

ice-shelf cavity geometry and basal melting. In agreement with earlier studies, highest rates of ice shelf thinning are 

found for those ice shelves located in the Amundsen and Bellingshausen sectors. Our study reveals that over the 20 

1992–2017 observational period, Amundsen and Bellingshausen ice shelves experienced a slight reduction in rates 

of basal melting, suggesting that high rates of thinning are largely a response to changes in ocean conditions that 

predates our satellite altimetry record, with shorter term variability only resulting in small deviations from the long-

term trend. Our work demonstrates that causal inference drawn from ice shelf thinning and basal melt rates must 

take into account complex feedbacks between thinning and ice advection and between ice shelf draft and basal melt 25 

rates. 

 

1  Introduction 

The Antarctic Ice Sheet is Earth’s largest reservoir of freshwater, with global sea level equivalent of ~58 m 

(Morlighem et al., 2020). The rate at which Antarctica’s ice is discharged to the ocean is controlled by its fringing ice 30 

shelves that exert a resistive “buttressing” force on the upstream grounded ice. In recent decades, ice shelves in West 

Antarctica's Amundsen Sea Embayment (ASE) have rapidly thinned (Paolo et al., 2015) and in response, the grounded 

glaciers that feed them have accelerated (Mouginot et al., 2014; Konrad et al., 2017; Rignot et al., 2019; Gardner et 

al., 2018). There is some evidence that a similar drawdown and acceleration might also have started in some basins of 
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East Antarctica (Roberts et al., 2018; Khazendar et al., 2013). This suggests that a reduction in buttressing may have 

already initiated a process of runaway retreat in regions that are inherently unstable due to the marine ice sheet 

instability (Weertman, 1974; Joughin et al., 2014; Rignot et al., 2014a). Thus, over the coming century the mechanisms 

that control ice shelf thickness change will be inextricably linked to global sea level, and improving our understanding 40 

of these processes will increase our ability to accurately predict Antarctica’s overall contribution. 

The processes that drive ice shelf thickness changes are directly linked to the atmosphere and ocean, and vary on 

different timescales (Paolo et al., 2018; Adusumilli et al., 2020). Ice shelves gain mass through the lateral influx of 

ice across the grounding line (the boundary where glaciers become afloat), and local surface accumulation via 

snowfall; mass is lost by calving, basal melt, and minor surface effects such as surface melting, wind scour, 45 

sublimation, and surface runoff. Ice shelf thickness can be estimated from satellite radar and laser altimetry, and 

previous studies have attributed observations of ice shelf thinning to increased rates of basal melting (Pritchard et al., 

2012; Adusumilli et al., 2020); however, direct measurements of basal melt rates are scarce (Jacobs et al., 2013; 

Jenkins et al., 2018; Christianson et al., 2016; Dutrieux et al., 2014). Basal melt rates can be inferred from satellite-

derived thickness field combined with other inputs (ice divergence and surface mass balance), and previous large-50 

scale melt-rate estimates made using this technique have considered mean rates for periods of less than a decade 

(Depoorter et al., 2013; Rignot et al., 2013), or have been limited in spatial resolution over longer time periods 

(Adusumilli et al., 2020). These data limitations have hindered our ability to identify the driving mechanisms and how 

basal melt rates vary with time. 

In this paper, we combined observations from four satellite radar altimeters to derive a pan-Antarctic time series of 55 

ice shelf thickness and basal melt rates with the ability to resolve kilometer-scale structures (3-km grid at 3-month 

intervals) consistently from 1992 to 2017. In critical locations where significant ice thinning and flow acceleration 

have occurred, we corrected for time-variable ice divergence. Our dataset provides the most detailed picture of spatial 

and temporal changes in both ice thickness and basal melt rates, allowing us to disentangle the oceanic, atmospheric 

and dynamic components of recent ice shelf change. 60 

2  Data 

2.1  Radar altimetry  

We used data from four European Space Agency (ESA) satellite radar altimetry missions: ERS-1 (1991-1996), ERS-

2 (1995-2003), Envisat (2002-2010) and CryoSat-2 (2010-2017). The first three satellites carried conventional pulse-

limited altimeter systems with a footprint size of less than 3000 m in diameter over flat areas, sampling along flights 65 

every ~370 m, with a latitudinal coverage up to 81.5° S. CryoSat-2 (currently in operation) carries a dual antenna 

Doppler/delay altimeter, operating in synthetic aperture radar interferometric (SARIn) mode over the margins of the 

ice sheet including the ice shelves, with a latitudinal coverage up to 88° S. This altimeter yields along-track and across-

track footprint sizes of about 300 m and 3000 m, respectively, sampling along flight every ~370 m. ERS-1 and ERS-

2 operated in different modes of acquisition over the Antarctic ice shelves: ‘ocean mode’ (330 MHz) with a finer 70 
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sampling of the return radar echo, which translates to a higher-resolution radar waveform; and ‘ice mode’ with a 

coarser sampling of the waveform (82.5 MHz), mostly to keep track of radar echoes interacting with terrain 

undulations on the ice sheet margins and interior.  

We obtained ERS-1 and ERS-2 data from the “REprocessing of Altimeter Products for ERS (GDR): 1991 to 2003” 

(REAPER) (Brockley et al., 2017), as the product provides updated corrections and improved calibrations. We 75 

obtained Envisat data from the “RA-2 Geophysical Data Record” (GDR) v2 (http://www.uat.esaportal.eu/web/guest). 

We obtained CryosSat-2 data from “ESA L1b Baseline-C product” (Bouffard et al., 2018), using our own CryoSat-2 

processor (Nilsson et al., 2016). 

2.2  Firn and surface mass balance 

Measured height changes reflect the (solid) ice thickness change and the changes in air content within the firn layer. 80 

To model the evolution of firn density (i.e., total column of firn air content: FAC) and Surface Mass Balance (SMB), 

we used the Glacier Energy and Mass Balance model (GEMB) (Gardner et al., 2022a). GEMB is run as a module of 

NASA’s open-source Ice-sheet and Sea-level System Model (ISSM). It is a column model (no horizontal 

communication) of intermediate complexity, simulating thermal diffusion, shortwave subsurface penetration, 

meltwater retention, percolation and refreeze, effective snow grain size, dendricity, sphericity, and compaction. 85 

GEMB can accommodate the very long (thousands of years) spin-ups necessary for initializing deep firn columns. 

2.3  Ice shelf boundary 

Our ice shelf boundary definition is derived from a combination of Landsat imagery and ICESat data (Depoorter et 

al., 2013), updated for later epochs with the MEaSUREs v2 boundaries (Rignot et al., 2017) and manually edited for 

significant calving events from satellite imagery. Specifically for the Amundsen Sea sector, we constructed yearly 90 

boundaries from 1996 to 2018 at 240 m resolution. 

2.4  Ice shelf velocity 

We constructed a velocity product for the Amundsen Sea (time-varying) and Bellingshausen Sea (mean value) sectors 

by combining data from Mouginot et al. (2014) [1996—2012] and Gardner et al. (2018) [1985—2018] with complete 

coverage only after 2014. We synthesize multiple datasets to provide the best possible estimate of glacier surface 95 

velocity in a highly dynamic region of the ice sheet. The first dataset provides a long-localized record while the second 

dataset provides pan-Antarctic coverage for later years. The first year with significant coverage is 1996 when InSAR 

ERS-1 data were collected over the ice sheet. 

2.5  Sea surface height 

We combined mean sea level directly measured with altimetry all the way to the ice-shelf fronts through the sea-ice 100 

leads at 3 km resolution (Armitage et al., 2018), with the high-resolution gravity model GOCO05c (Fecher et al., 
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2017) to obtain the mean dynamic topography field. The geoid model combines modern gravity missions like GRACE 110 

and GOCE with in situ observations to provide unprecedented detail of the gravity field underneath the ice shelves. 

We also used sea level trend data from CNES/AVISO (Guérou et al., 2022). 

3  Methods 

3.1  Ice shelf surface height 

We derived surface heights from satellite radar altimeter return waveforms using the standard 30% threshold retracker 115 

(ICE-1) available for all missions, except for CryoSat-2 where we used our in-house retracker for the SARIn mode 

(Nilsson et al., 2016). We then modeled and removed the static topography, applied a series of geophysical corrections, 

and modeled the firn air content and surface mass balance. 

3.1.1  Topography removal 

To measure the change in surface height the static topography must be removed. We used a method similar to Nilsson 120 

et al. (2016), McMillan et al. (2014), and Wouters et al. (2015), but with some fundamental differences. In previous 

studies, the time-varying and static topography have been solved for in one least-squares inversion. This approach has 

an inherent limitation as generating time series of high temporal sampling requires a search radius of 1-3 km, which 

often does not allow for good estimation of the underlying topography that requires smaller spatial scales (< 1 km). 

To this end, we first separated the data into ascending and descending orbits as well as into ice and ocean modes to 125 

mitigate the impact of any inter-mission and inter-mode biases. We treated ascending and descending orbits as 

independent data sets that we aggregated prior to the optimal interpolation stage (see Data fusion). We also filtered 

each ground track with a 3-point moving median to remove potential anomalous height measurements, e.g., from off 

pointing. We then solved for the static topography independently on each data set using a biquadratic or bilinear 

surface model (depending on the number of available data points: biquadratic > 30 pts > bilinear > 15 pts > mean 130 

value > 5 pts > NaN), which is removed to obtain the time-varying height change signal. This approach allows us to 

accommodate the different spatial correlation lengths of the processes affecting the retrieval of height-change time 

series, by permitting the use of independent search radii for the different steps included in the data processing 

workflow (e.g., 1 km radius for topography removal and 5 km radius for backscattering correction). 

A key difference compared to previous studies (Paolo et al., 2015; Adusumilli et al., 2020) is that we set the inversion 135 

cells (i.e., search centroid and radii) following clusters of repeat tracks (along-track processing), leaving the gridding 

procedure for a later stage where we take into account the optimal spatial and temporal scales of each estimated 

quantity. Our inversion cell sizes vary linearly with latitude (8-15 km) to account for data density, decreasing with 

latitude as satellite ground track spacing becomes denser. 

3.1.2  Grounding line and ice front 140 
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To avoid including grounded ice and ice front change signals in our analysis, we exclude all data within (i) a 3-km 

buffer around ice shelf perimeters, this is based on the pulse-limited footprint (~3 km) of standard radar altimeters 

over flat areas, and (ii) an additional 3-km buffer (6 km total) from the ice-shelf fronts to avoid errors resulting from 

changes in ice shelf boundaries (Greene et al., 2022). 

3.1.3  Geophysical corrections 145 

Various geophysical corrections are required for radar altimetry height data over ice shelves (Paolo et al., 2016). We 

describe the specific corrections we applied below. 

Standard Corrections: We applied the dry troposphere, wet troposphere, ionosphere, solid earth tide and pole tide 

corrections that are provided with the data. 

Surface Slope: Because the radar altimeter echo is sensitive to terrain slope, reflecting off the Point of Closest 150 

Approach (POCA) to the satellite, we relocated the observations to the POCA and corrected the range using the 

relocation method described in Bamber et al. (1994), and based on the surface slope, aspect and curvature information 

estimated from the Bedmap2 DEM (Fretwell et al., 2013).  

Inverse Barometer: We calculated the inverse barometer correction using ERA-Interim mean sea level pressure (Dee 

et al., 2011). Instead of the standard calculation that uses the global mean pressure over the ocean as the “reference 155 

pressure” (Le Traon et al., 1998), we used the climatological mean at each grid-cell location as our reference value, 

providing a spatially-varying reference pressure field. 

Ocean Tides: Ice shelves respond instantaneously to the rising and falling ocean tide, so this signal needs to be 

removed from the measured heights to retrieve freeboard height (height above sea level). We removed the original 

tide corrections that were applied to the raw height data and instead applied improved tides using the regional Circum-160 

Antarctic Tidal Simulation model (CATS2008a), an updated version of the inverse tide model described by (Padman 

et al., 2002). This model has a higher resolution (~4 km) and a more accurate land mask than global models, resulting 

in more accurate tide prediction close to the coast. We also corrected for the ocean tidal loading (the elastic 

deformation of the seabed in response to the ocean-tide load) using the TPXO7.2 model (Egbert and Erofeeva, 2002). 

Mean Sea Level and Trend: Previous studies have estimated mean sea level (MSL) from low-order (i.e., low 165 

resolution) geoid models and global mean dynamic topography (MDT) fields. Low-order geoid models contain 

substantial artifacts at the ocean-ice-land transition (Armitage et al., 2018), which introduces large biases to the 

estimated MSL underneath the ice shelves. Global MDT fields are usually extrapolated from the distant edge of the 

sea ice to the ice-shelf grounding lines, as these global data sets do not contain measurements within the area covered 

by sea ice and ice shelves. This results in the propagation of incorrect ocean-state features underneath the ice shelves. 170 

Instead, we used MSL directly measured all the way to the ice-shelf fronts (Armitage et al., 2018), removed the geoid 
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(Fecher et al., 2017), extended the residual MDT with a Gaussian average tapering to zero at the grounding lines, and 

then added back the geoid. We extended the sea level trend field in the same way. 

Surface Scattering: The shape of the radar altimeter return waveform is governed by the degree of surface and volume 

scattering (Davis and Moore, 1993; Partington et al., 1989). Over the years many studies have used an empirical 175 

correction based on removing the correlation between changes in the observed height and changes in the shape of the 

radar waveform (Nilsson et al., 2016; Wingham et al., 2009; Zwally et al., 2005; Davis and Ferguson, 2004; Paolo et 

al., 2016). Here, we used estimates of the radar backscatter coefficient, leading edge width, and trailing edge slope 

(Rémy and Parouty, 2009; Khvorostovsky, 2012) to characterize changes in the shape of the radar waveform (Figure 

1). We normalized these parameters by their standard deviation and then regressed them, by means of robust 180 

multivariate regression (Holland and Welsch, 1977), against the residual time series of height changes (at the point-

measurement level) to determine a linear combination of sensitivity gradients that we used to remove temporal changes 

in scattering effects from the original height time series. We note that the multivariate fit accounts for collinearity 

between the waveform parameters. We performed this procedure following the satellite ground tracks at intervals of 

2 km with a search radius of 5 km, retaining the point within the search radius of the solution that has the highest 185 

sensitivity of any overlapping regressions (Nilsson et al., 2022). To reduce erroneous correlations to real elevation 

trends, we applied a difference operator to each parameter and to the height change signal time series before the 

regression (Figure 1).  

3.1.4  Firn and surface mass balance calibration 

To produce the FAC and SMB  used for this study (Schlegel and Gardner, 2022), we calibrate the GEMB model snow-190 

densification parameters to improve the agreement between modeled snow density profiles and observations after 

Ligtenberg et al. (2011) (Gardner et al., 2022a). Calibration results for the ERA5 forcing simulations are summarized 

in Sup. Table 4.  Following a relaxation simulation, as described by Gardner et al. (2022), the model is forced with 3-

hourly ERA5 reanalysis for 1979-2017, resulting in daily spatial estimates of FAC and SMB. Results are converted 

to monthly estimates and then linearly interpolated onto a constant 5 km grid for ice-shelf melt rate analysis and for 195 

the estimation of model uncertainties. 

3.2  Data fusion 

We fused data from multiple satellites with different error characteristics and spatial distribution using an Optimal 

Interpolation approach (a.k.a. Gaussian Processes). We used four key metrics to produce continuous fields at 3-km 

posting every 3 months: distance between observations, distance of observations to grid nodes (i.e., prediction points), 200 

observation errors, and along-track long-wavelength correlated errors (Melnichenko et al., 2014) that we estimated 

empirically so as to minimize the variance of the interpolated field. To determine the correlated errors, we first 

aggregated (binned) data from each individual mission in 5-month intervals at every 3 months (i.e., a sliding window 

overlapping by one month on each end). We then calculated empirical covariances as a function of data separation 

over the Ross Ice Shelf (constituting about 1/3 of all ice shelf area), and fitted analytical covariance models that we 205 
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used to guide the interpolation (Melnichenko et al., 2014). The covariances describing the characteristic correlation 

lengths are computed for each parameter (Figure 3). We also used a latitude-dependent search radius to account for 

increased data density towards the pole as the satellite tracks converge (Figure 4). 

At each grid cell, we then filtered and interpolated time series residuals larger than 5 standard deviations from the 

trend (defined by a piecewise polynomial fit). We also cross-calibrated the gridded records from the four satellite 210 

missions by computing the offsets (median of differences) between a low-pass-filtered version of the time series during 

the periods where consecutive missions overlapped. We filtered these records with a 5-point moving average (~1.25 

years) to remove the effect of seasonality. 

3.3  Thickness change and basal melt rate inversion 

We performed our melt estimation on an Eulerian reference frame. There are two fundamental steps that we improved 215 

upon previous work (Adusumilli et al., 2020, 2018; Paolo et al., 2018, 2016, 2015) to estimate ice shelf basal melting 

from measured surface height. First, inverting height to thickness: 

𝐻(𝑡) =
𝜌!

𝜌! − 𝜌" (
ℎ# + ∆ℎ$%&"' + ∆ℎ&"() + ∆ℎ%*$( + ∆ℎ+,- + ∆ℎ./0 + ∆ℎ123 + ∆ℎ234) 

where 𝐻 is thickness, 𝜌!  and 𝜌" are density of ocean water (1028 kg/m3) and ice (917 kg/m3), respectively, ℎ# is mean 

surface topography from CryoSat-2 referenced to 2014, ∆ℎ$%&"' is height change from altimetry, and the respective 220 

corrections for tides (∆ℎ&"()), load tide (∆ℎ%*$(), inverse barometer effect (∆ℎ+,-), firn air content (∆ℎ./0), mean sea 

level (∆ℎ123), and regional sea-level trends (∆ℎ234). Second, solving the mass balance equation: 

�̇�(𝑡) =
𝜕𝐻
𝜕𝑡 + 𝛻 ∙ (𝐻𝒖) − �̇� 

where �̇� is total basal melt rate, 𝜕𝐻 𝜕𝑡⁄  is thickness change rate, 𝛻 ∙ (𝐻𝒖) is ice-flux divergence, with 𝐻 = 𝐻# +𝐻(𝑡) 

and 𝒖 being velocity, and �̇� is surface accumulation rate (SMB). We note that all the terms in this equation are time 225 

dependent, with velocity varying in time for the Amundsen Sea sector only (Mouginot et al., 2014; Gardner et al., 

2018) and assumed constant outside of this region due to lack of data. This assumption is justified by the relatively 

small flow changes observed outside of the Amundsen Sea sector in the past couple of decades (Gardner et al., 2018; 

Rignot et al., 2019). We computed our spatial and temporal derivatives implicitly, using a piecewise overlapping 

polynomial fit (Savitzky and Golay, 1964) that was designed to handle noisy data. We used a yearly fit window for 230 

temporal derivatives, and a 15 x 15 km fit window for spatial derivatives.  

3.4  Ice velocity fields 

InSAR-derived velocities can contain substantial artifacts from ionospheric effects and residual tidal displacements. 

These artifacts are amplified by conventional (explicit) spatial derivatives and map onto the melt-rate estimates.  
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Optical-derived velocities lack continental coverage and contain artifacts in places (Riel and Minchew, 2023). For 235 

this reason, we derive velocity fields by blending multiple products. 

For the static (not changing in time) pan-Antarctic velocity field we merged the InSAR based velocity of Mouginot 

et al. (2019), M19, and the optical based time-aggregated velocity of Gardner et al. (2018, 2022b), G18, following 

these steps that produced the best results determined through visual inspection: 

1. M19 are mapped to the same 240-m grid as G18. 240 

2. G18 was preferred everywhere that had a per-pixel observation count (i.e., number of velocity observations 

used to create time-averaged velocity) > 100 or where M19 had no data. Using this criteria G18 and M19 

account for 84% and 16% of data by area, respectively. The vast majority of M19 data are for latitudes > 

82.7° S.  

3. Velocities and errors were then combined using a 9-pixel (2160 m) cosine taper. 245 

G18 and M19 velocities have an effective date of ~2016 and ~2012, receptively.  

Use of a static velocity field is appropriate for the majority of the ice sheet where no observation of large temporal 

changes over the study period exist. For areas of rapid changes, i.e., the Amundson Sea Sector of West Antarctica, 

we blended the annual resolved velocities of Gardner et al. (2018, 2022b), G18, and Rignot et al. (2014b), R14. The 

annual velocity data have large errors and data gaps in both space and time that make the data challenging to work 250 

with. Considerable preprocessing is required to generate a blunder-free and continuous, in space and time, record of 

ice flow for the Amundson Sea sector. These are the preprocessing steps that we applied: 

1. R14 component velocities [vx/vy] are mapped to the same 240-m grid as G18 for the Amundson Sea 

sector. 

2. Velocities falling outside of mapped ice extents are set to no data values. 255 

3. A reference velocity is defined as the 1996 velocity field or the earliest valid measurement thereafter. The 

average of both velocities is taken if multiple observations exist for the first year of data. 

4. For areas moving faster than 200 m yr-1, the percentage anomalies are calculated for all years relative to the 

reference velocity. This was done for both G18 and R14 velocities separately. 

5. Annual velocity anomalies are then filter with a 5-km windowed moving median. 260 

6. G18 and R14 filtered anomalies are merge by taking the mean of each year. Years with less than 30% 

coverage for fast moving ice (>= 200 m yr-1) were discarded. 

7. If missing annual values were within 25 km of a valid datapoint they are filled using natural neighbor 

interpolation, otherwise anomalies were set to zero. 

8. Outside of fast-moving areas, annual anomalies are tapered to zero using a 10-km cosine taper. 265 
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9. Merged and filled annual anomalies are then smoothed one last time using a 5-km windowed moving mean. 

10. To create a continuous record of velocity, annual anomalies are interpolated in time to every 1/5 of a year 

for every 240 m pixel using a spline interpolant and multiplied by the reference velocity. 

11. Velocities are then smoothed, at the 240-m resolution, with a Gaussian kernel with standard deviation of 

1.2 km prior to re-gridding onto our 3 km altimetry grid (Figure 5). 270 

3.5  Ice shelf thickness changes 

The southern limit of ERS-1, ERS-2 and Envisat was 81.5° S, so there is no data between 81.5° S to 88° S prior to 

CryoSat-2 (2010). To overcome this, we made the assumption that mean thickness and basal melt rates were constant 

prior to 2010 for areas > 81.5° S. This assumption is based on the insignificant changes (i.e., indistinguishable from 

noise given the variance in the data) in thickness and melting observed over those regions during the CryoSat-2 era. 275 

We estimated acceleration/deceleration in ice shelf thinning from the trend in the thickness-change rate time series. 

We fitted nonlinear trends using the Savitzky-Golay filter (Savitzky and Golay, 1964), which unlike an ordinary least 

squares line fit, is robust to outliers and sudden changes at the beginning and end of the records. Mean acceleration 

over the timespan of our records is then defined as 

𝑎 =
Δ𝜕𝐻4
Δ𝑡 	 280 

where 𝜕𝐻4  is the mean rate of thickness change from the first versus last value of the trend fit, with Δ𝑡 = 26 years. 

Note that this is a robust estimate of acceleration (or second derivative) compared to the slope of a straight-line fit, as 

sudden changes in the trend are captured by our nonlinear trend fit. Finally, we compute the thickness change, basal 

melt, divergence, and SMB 2D mean fields from the mean of the respective instantaneous rate time series, as 

𝜕𝐻 =
1
𝑛	: 𝜕𝐻5

5
 285 

where 𝜕𝐻5 is the time-evolving rate of thickness change and 𝑛 is the number of samples in each grid cell record. 

To analyze the temporal evolution of changes, we computed area-averaged time series of thickness for each ice shelf 

(excluding regions within 6 km of calving fronts or within 3 km of grounding lines) and compared to rates of elevation 

change from Nilsson et al. (2022) for neighboring locations upstream of the grounding lines (Figure 11). To highlight 

the patterns over the deepest portion of the ice shelves and avoid any influence of advancing calving fronts, we show 290 

time series for the thickest 50% ice of each ice shelf. 

Our data of thickness change and basal melt rate estimates cover 53 ice shelves with a total area of about 1,541,700 

km2 (Table 3). 
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3.6  Ice-ocean modeling 

Observations of ocean properties relevant to ice shelf processes are sparse, making any inferences about changes in 295 

ocean forcing difficult to confirm. Thus, we use a simple “sandbox” experiment to assist the interpretation of the 

observed ice shelf changes. These simplistic model experiments are meant to (1) examine the influence of changes in 

ice shelf draft on basal melt rates in isolation of other environmental change, and (2) test the ability of our thickness 

product to resolve basal melt structures. We run four model experiments; deep ice shelf draft subjected to cold ocean 

conditions (DC), deep ice shelf draft subjected warm ocean conditions (DW), shallow ice shelf draft subjected cold 300 

ocean conditions (SC), and shallow ice shelf draft subjected warm ocean conditions (SW). The year 1993 represents 

a year with a deeper draft (D) and colder ocean properties on the continental shelf (C), while the year 2017 represents 

a year with shallower draft (S) and warmer ocean properties (W) (Table 1).  

To model these conditions we use the Massachusetts Institute of Technology general circulation model (MITgcm) that 

includes a dynamic/thermodynamic sea-ice model (Losch et al., 2010). Freezing/Melting processes in the sub-ice-305 

shelf cavity are represented by the three-equation-thermodynamics of Hellmer and Olbers (1989) with modifications 

by Jenkins et al. (2001) as implemented in MITgcm by Losch (2008).  

The model domain (Figure 6) is derived from the global configuration (LLC1080) used by the Estimating the 

Circulation and Climate of the Ocean (ECCO) project (Forget et al., 2015), with a nominal horizontal grid spacing of 

~3 km on the Antarctic continental shelf, comprising the region of the Amundsen Sea used in Schodlok et al. (2012). 310 

The vertical discretization is enhanced, compared with that used by the ECCO project, to 113 vertical levels of varying 

thickness in order to capture the deep part of the sub-ice-shelf cavities near the grounding line. The bathymetry is a 

blend of IBCSO (Arndt et al., 2013) outside the sub-ice-shelf cavities and BedMachine Antarctica elsewhere 

(Morlighem et al., 2020). We derived ice shelf draft, the key component of our modeling experiment, from our ice 

shelf thickness data. Initial conditions and boundary conditions for hydrography (T, S, u, v) and sea ice are derived 315 

from a coarse resolution global state estimate (~20 km horizontal grid spacing, LLC270) for the integration period 

1992 to 2017. Due to the difference in resolution between the global integration and the ~3-km model domain, a 

relaxation is applied to temperature and salinity at the boundaries (10 grid points into the model domain) to avoid 

artifacts such as wave energy radiating into the model interior, and 5 grid points for sea ice variables. Surface forcing 

is also provided by the ECCO project. We have successfully applied similar configurations to study ice-shelf/ocean 320 

interactions on the cube sphere as well as the LLC grids (Khazendar et al., 2013; Nakayama et al., 2017, 2018). 

The model configuration comprises the ice shelf drafts and hydrography of the years 1993 and 2017. The year 1993 

represents a year with a deeper draft and colder ocean properties on the continental shelf, while the year 2017 

represents a year with shallower draft and warmer ocean properties. The initial integration starts from the LLC270 

hydrography in 1992 (2016 respectively) for one year as a spin up. After the spin up, the surface forcing of the cold 325 

year 1993 (warm year 2017) is used as a repetitive forcing for 10 years of integration. The output of the last year of 

integration is averaged and its results analyzed. Additionally, we used the ice shelf draft of 1993 (2017) in the warm 



11  

(cold) hydrography and surface forcing, and integrated for 10 years with the last year being averaged and analyzed. 

Thus, we have 4 model simulations: Deep & Cold, Shallow & Cold, Deep & Warm, Shallow & Warm (Table 1). 

3.7  Uncertainty quantification 330 

In situ basal melt rate measurements are not available at large scale for Antarctica, and only a few localized (in time 

and space) indirect estimates exist. We therefore provide a formal statistical error by identifying and propagating the 

first-order uncertainties affecting our satellite estimates of ice shelf basal melt. Our uncertainties are based on quadratic 

propagation of the reported errors (e.g., from model outputs and velocities) and calculated standard deviations, 

adjusted for degrees of freedom. 335 

Uncertainties in the GEMB FAC and SMB records are estimated by comparison to other firn models (GSFC FDMv1 

(Smith et al., 2020; Medley et al., 2022) and IMAU FDM–RACMOv2.3 (Ligtenberg et al., 2014)) at the timescales 

of our melt rate estimation (Figure 3). At each grid node, we construct 5-month intervals of 5-daily (FAC) and monthly 

(SMB) rates, consistent with the 5-month sliding window we used to aggregate the altimetry data. We then calculate 

the standard deviation within the 5-month intervals and respective degrees of freedom (independent estimates), as a 340 

measure of model dispersion at different epochs (Figure 4). 

For each surface height grid cell, we estimated the 26-year variance of the height records, which is a conservative 

measure of error as it accounts for both random fluctuations and geophysical signals. This error therefore reflects the 

complexity of local topography and our ability to model it, any residual tide and backscatter variability not fully 

accounted for, cross-calibration errors, and inherent variability such as seasonality. We then have 345 

𝑒6 =
1

√𝑛
	𝑠𝑡𝑑(ℎ − ℎ&7)8() 

𝑒9 =
𝜌!

𝜌! − 𝜌"
	?𝑒6: + 𝑒./0: 

where ℎ is the height time series comprised of six independent data sets (4 missions and 2 modes of operation), so we 

set 𝑛 = 6, ℎ&7)8( is the trend from a piecewise polynomial fit, 𝑒9  is thickness error, 𝑒./0 is modeled firn air content 

error, 𝜌! and 𝜌" are the densities of ocean water (1028 kg/m3) and solid ice (917 kg/m3), respectively. 350 

Assuming no significant error (relative to other variables) in the timestamps, the spatial coordinates, and the 26-year 

mean thickness, and assuming the same error in both velocity components (u and v) of 5 m yr-1 (see below), we then 

have 

𝑒;9 =
1
𝑑𝑡	@𝑒9!

: + 𝑒9!"#: 

𝑒< =
1
𝑑𝑥 	2𝐻𝑒=  355 
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𝑒')%& = ?𝑒;9: + 𝑒<: + 𝑒21,: 

where 𝑒;9 is the error in the thickness change rate, 𝑒< is the error in the ice flux divergence, 𝑒= is the error in the 

velocity fields, 𝑒')%&  is the error in the basal melt rate, 𝑒21, is the error in the modeled surface mass balance, with 

𝑑𝑡 = 𝑘 = 1 year (the time window used to estimate derivatives with a piecewise fit) and 𝑑𝑥 = 3 km (the grid 

spacing). 360 

For the mean rate of change fields, we take the variance of the respective instantaneous rate-of-change records. Here, 

again, our error estimate is conservative as we are including natural variability as well as systematic trend changes, in 

addition to random errors, to the overall uncertainty. We then have the following error for the thickness change mean 

field 

𝑒;9 =
1

?𝑛/𝑠
	𝑠𝑡𝑑(𝜕𝐻 𝜕𝑡⁄ ) 365 

where 𝜕𝐻 𝜕𝑡⁄  is the rate of thickness change time series, 𝑛 is the number of samples, and 𝑠 is a scaling factor to adjust 

the degrees of freedom for spatial correlation: 𝑠 = 𝐿:/𝐴, with 𝐿 being the spatial scale of the variable in question and 

𝐴 our grid-cell area (~9 km2). The same expression is used for divergence and SMB. We set 𝐿 = 3 km for thickness 

change rate (see Figure 3 for typical decorrelation lengths over the ice shelves), and 𝐿 = 31 km for the smoother 

divergence and SMB fields (which corresponds to the grid resolution of the ERA5 reanalysis). The mean basal melt 370 

error is then obtained from a quadratic sum of these three errors. 

Given that the acceleration term is derived from the end points of a trend fit to the instantaneous rate of change in 

thickness, its error can be estimated by 

𝑒$>>)% = √2
𝑑𝑡 	𝑒;9 

Then the errors for the ice-shelf average values are simply the aggregate of the errors over each ice shelf (for thickness 375 

change, divergence, SMB and acceleration) 

〈𝑒;9〉 =
1
𝑛	: 𝑒;9""

 

with 

〈𝑒')%&〉 = ?〈𝑒;9〉: + 〈𝑒<〉: + 〈𝑒21,〉: 

3.8  Quality assessment 380 
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As an additional check on out results we conducted a separate ice-shelf mass budget calculation, and compared to our  

explicitly calculated basal melt rates as well as the published melt estimates (Adusumilli et al., 2020). We do this by 

implicitly calculating melt rates using a control volume approach: 

𝜕𝑀
𝜕𝑡 = 𝑄"8 −𝑄*=& + 𝑎 − 𝑏 

where 𝜕𝑀 𝜕⁄ 𝑡 is change in ice shelf mass, 𝑄"8 and 𝑄*=&  are time-averaged (2010—2017) rates of ice fluxes across 385 

the grounding line and ice front (calving), respectively, 𝑎 is the time-averaged rate of surface accumulation (SMB), 𝑏 

is the time averaged basal melt rate for the period 2010—2017.  

To calculate ice shelf mass balances, we define a control volume for each ice shelf, starting with the ice shelf outlines 

provided by (Mouginot et al., 2017). We adjusted the control volume outlines to remove any grid cells that are reported 

to have zero ice thickness data in BedMachine Version 2, are missing surface velocity data in the ITS_LIVE static 390 

pan-Antarctic velocity field (Gardner et al., 2018) or do not have valid melt data in our estimates of mean melt rate 

for the 2010—2017 period. We then buffered the remaining outlines inward by 3 km on all sides of each ice shelf to 

avoid uncertain ice thickness estimates near grounding lines and to ensure confidence in ice flux interpolation near 

dynamic calving fronts.  

We also avoid complications that could be introduced by poorly-understood effects of how bridging stresses might 395 

affect how basal melt anomalies get transmitted as expressions of surface elevation change. With this in mind, we 

considered only grid cells that are near hydrostatic equilibrium, which we identified using a simple ice flexure model 

with a threshold defined by bedmachine_interp('flex', x, y) > 0.9 from Greene et al. (2017). If multiple, unconnected 

sections of control volume result for any ice shelf after adjusting the outlines, we use only the largest section for each 

ice shelf. As a final step, we interpolate to a consistent 100-m spacing along the outline of the control volume. 400 

An example control volume is shown in Figure 7. We note that by neglecting a buffered area around the perimeter of 

each ice shelf, the control volumes underrepresent the full extent of each ice shelf by 3 km on all sides, but our analysis 

is fully self-consistent and we do not directly compare our mass balance estimates to previously published estimates 

that have been calculated for different control volumes. 

To calculate ice flux into and out of each control volume, we interpolated surface velocity across the control volume 405 

flux gate using itslive_interp(‘across’, x, y) in Matlab (Greene et al., 2017), with any missing data filled with velocity 

estimates from Rignot et al. (2017). Ice flux at each point along the control volume is calculated as the product of ice 

thickness and ice velocity across the flux gate. For ice thickness we used our mean measurement of ice thickness for 

the study period. We also repeated the analysis using ice thickness from BedMachine version 2, but found no 

significant difference. The total 𝑄"8 − 𝑄*=&  mass balance for each ice shelf is calculated as the sum of the unit ice flux 410 

(flux per meter) measured along the control volume outline, multiplied by the 100-m spacing of our flux gate, and 

multiplied by ice density (917 kg/m3) to convert volume to mass.  
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To account for ice mass gained or lost at the surface (𝑎), we converted GEMB mass balance outputs into units of Gt/yr 

per grid cell, then calculated the sum of the SMB values for all grid cells within the control volume. 

For our 𝑏, we generated a mean melt rate map for the years 2010—2017 (the CryoSat-2 period), resampled it to 500-415 

m resolution, then converted the map into units of Gt/yr for each grid cell. The basal mass balance for every ice shelf 

is then obtained as the simple sum of the 𝑏 grid cells within the control volume outline of each ice shelf.  For 

comparison to previous studies, we follow the same procedure to calculate total basal melt for each ice shelf using 

Adusumilli et al.’s 500-m resolution composite melt rate map that spans 2010—2018. We used the provided 

w_b_interp field to fill in the missing grid cells, which they obtained by assigning melt rate based on a melt-depth 420 

relationship for each ice shelf.  

4  Results 

We first compared our basal melt rate estimates with those published by Adusumilli et al., (2020), and the basal melt 

rates that would be expected from two different control volume approaches (Figure 8). In panels (a) and (b), we 

assumed that the volume of each ice shelf remained constant over the observation period, i.e., 𝜕𝑀 𝜕𝑡⁄ = 0. In reality, 425 

most ice shelves experienced some change in thickness, which we accounted for in panels (c) and (d) by summing up 

the grid cells of a map of the linear trend in ice thickness that we generated from our data. In the flux gate calculation, 

we did not account for changes in velocity, but nonetheless, panel (d) shows good agreement between our estimated 

melt rates and the melt rates that would be expected from the control volume approach (as quantified in Figure 8). 

Our pan-Antarctic analysis reveals spatial patterns of ice-shelf thickness change (Figure 9) that show the signature of 430 

ocean-induced melting, with the highest thinning rates found adjacent to the deep grounding lines (Figure 10), where 

dense and warm modified Circumpolar Deep Water (mCDW) is more likely to be present and the pressure-melting 

point of ice is depressed. This overall pattern of ice shelf loss is consistent with previous estimates of ice shelf thinning 

(Paolo et al., 2015; Adusumilli et al., 2020; Shepherd et al., 2018); ice shelves in the ASE and Bellingshausen Sea 

Embayment (BSE) sectors, where the highest losses from the grounded ice are occurring, have all thinned over the 435 

past quarter century (Figure 11 and Figure 12). Our estimates for average ice shelf thinning rates in the ASE and BSE 

over the 1992–2017 observational period is 2.6 ± 0.3 and 0.5 ± 0.2 m yr-1, respectively. The rate of change is relatively 

constant over the full period of study, suggesting that these ice shelves are largely responding to a change in ocean 

conditions that predates our satellite altimetry record, with shorter term variability only resulting in small deviations 

from the long-term trend (Jenkins et al., 2018). The origin of the persistent long-term forcing is unknown; one plausible 440 

explanation is that changes in Antarctic zonal winds have enhanced the influxes of warmer waters underneath the ice 

shelves (Buizert et al., 2018), a phenomenon that has been linked to anthropogenic warming and teleconnections with 

tropical Pacific variability (Dutrieux et al., 2014; Sadai et al., 2020; Paolo et al., 2018; Holland et al., 2019). 

All ice shelves in the Amundsen and Bellingshausen Sea sectors show dramatic rates of thinning since records began 

in the early 1990s, with thickness losses as high as 6.1 ± 0.5 m yr-1 (Crosson) over the full ice shelf, confirming 445 
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previous findings (Jenkins et al., 2018, 2010; Smith et al., 2017; Shepherd et al., 2004; Pritchard et al., 2012) that the 

dominant driver of change predates the satellite era. Over the 26-year record some ice shelves have thinned by more 

than 20% near their original grounding lines, e.g., Thwaites 23% (right before calving circa 2013), Crosson 35% and 

Dotson 25% (Figure 11). 

Our data reveal a large-scale coherent pattern of slowdown in rates of ice shelf thinning (Figure 9) towards the end of 450 

the record, starting around 2008. The slowdown is most pronounced for those ice shelves that have thinned most over 

the 26-year period (Figure 13), and is particularly accentuated along the West Antarctic margin where ocean melting 

of ice shelves is strongest (Figure 10), but also occurs along Wilkes Land in East Antarctica. For the Amundsen Sea 

ice shelves, slowdown in thinning began between 2006 (Pine Island) and 2009 (Dotson), and at a later epoch in the 

Bellingshausen Sea sector (~2010, Venable), somewhat consistent with previous single-ice-shelf studies (Jenkins et 455 

al., 2018; Davis et al., 2018). In many cases, the slowdown signal is sufficient to offset previous acceleration; with 

average deceleration reaching up to -22 ± 3 cm yr-2 (or -51 ± 7 cm yr-2 near the GL) for Crosson Ice Shelf. Overall, 

we estimated an average thinning slowdown of 8.3 ± 1.3 and 1.1 ± 1.0 cm yr-2 for the ASE and BSE, respectively. 

Our ice-ocean modeling result shows a highly-resolved basal melt field (Figure 15). When ocean forcing is held 

constant, melt rates for the 2017 geometry are generally lower than for the 1993 geometry near all grounding lines, 460 

with some localized patches of higher melt elsewhere on the ice shelves (Figure 15). Modeled basal melt rates are 

25% to 50% lower near the grounding lines of the Dotson and Crosson ice shelves when using the shallow (2017) ice 

shelf geometry compared to rates determined form the deeper (1993) geometry.  

5  Discussion 

Thinning of grounded ice (Nilsson et al., 2022) between 3 and 12 km upstream of the grounding line (Figure 11) shows 465 

that the grounded ice losses have increased on average in West Antarctica as a dynamical response of glacier flow to 

loss of ice-shelf buttressing and grounding line retreat (Konrad et al., 2017; Gudmundsson et al., 2019; Milillo et al., 

2022). More recently, however, the rate of grounded ice loss appears to be responding to the slowdown in the rate of 

ice shelf thinning, as suggested by the coincident change in the trend of both floating and grounded thickness change 

records (Figure 11). Grounded ice flow is also controlled by factors other than ice shelf thickness (i.e., changes in ice 470 

shelf front, grounding line position, pinning points, and basal friction), and changes in ocean hydrographic properties 

may ultimately dictate how the ice sheet will change over the coming centuries. The longer-term response of glacier 

flow to the slowdown in ice-shelf thinning in the region remains to be confirmed. 

The slowdown in thinning rates implies a recent decrease in the rate of ice shelf mass loss. Satellite measurements of 

ice thickness alone cannot directly indicate whether the slowdown in thinning rates reflects an increase in grounded 475 

ice flux, an increase in surface accumulation, or a decrease in basal melt rates. We found that substantial changes in 

ice flow occurred on both the floating and grounded ice (Mouginot et al., 2014; Konrad et al., 2017; Gardner et al., 

2018), with velocity increases over the ice shelves up to four times that of the grounded glaciers that feed them. A 

widespread ice flow acceleration across the grounding line in the Amundsen Sea sector after the 2000s (Mouginot et 
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al., 2014) provided a sudden influx of ice, decreasing ice shelf thinning rates by over 1.5 m yr-1, which accounted for 480 

about 75% of the slowdown in the observed rate of ice shelf thinning in Pine Island and Thwaites. The dynamic 

contribution to thinning deceleration was less, but still substantial, in the case of Crosson (1.1 m yr-1 or 21%) and 

significantly less for Dotson (~0.2 m yr-1 or 7%) (Table 2). Changes in ice flow alone are, therefore, unable to fully 

explain the observed slowdown in thinning rates. An investigation of changes in surface mass balance shows relatively 

minor trends in surface accumulation over the observation period (Figure 2), with little impact on the overall rates of 485 

ice shelf thickness change (accounting for 1–2%, Table 2), leaving changes in ocean melt rates as the most likely 

contributor to the remainder of the recent slowdown in thinning rates not accounted for by changes in ice flux. 

Our results show that rates of ice shelf basal melt have systematically decreased near the grounding lines, by varying 

degrees, from the late 2000s to 2017. This reduction in basal melt is greatest in the regions of West Antarctica that 

have been changing most rapidly, such as Pine Island, Thwaites, Crosson, Dotson and Venable grounding lines (Figure 490 

14). These ice shelves are also the thickest, with their deep grounding lines exposed to intrusions of mCDW through 

bathymetric throughs, in contrast to shallower ice shelves in the region that do not exhibit a clear reduction in melt 

rate (e.g., Abbot and Cosgrove). The largest decreases in basal melt rate, over the 26-year period, are found near the 

grounding lines of Pine Island and Crosson ice shelves, with -59 ± 4 and -84 ± 6 cm yr-2, respectively. On some ice 

shelves, such as Venable and Stange, slowdown in thinning and basal melting is strictly confined to the floating ice 495 

near the grounding line (Figure 10). For Venable, this results in a slight overall increase in thinning/melting, on 

average, for the full ice shelf extent (Figure 9 and Table 3), but substantial decrease near the grounding line (within 

approximately 8 km): -7 ± 2 cm yr-2 reduction in meltwater rate (Figure 14). One factor limiting estimates of time-

dependent basal melt rates is the lack of time-variable velocity information. In general, ice shelves outside the 

Amundsen sector have not experienced dramatic velocity changes (Rignot et al., 2019; Gardner et al., 2018). Assuming 500 

a constant velocity field, however, can bias (high) estimates of basal melt change of ice shelves such as Getz, known 

to have had velocity increases on the order of 10-100 km yr-1. along the grounding line resulting in a 6% increase in 

ice flux (Gardner et al., 2018; Selley et al., 2021). Still, modest velocity changes such as those observed on Dotson 

Ice Shelf (Figure 5) only contributed about 7% to the total change in thinning rates (Table 2).  

Ice shelf basal melt rates are sensitive to changes in the ice shelf draft depth, which dictates the temperature of the 505 

ocean waters that come into contact with the ice shelf base (Padman et al., 2012; Schodlok et al., 2012). A melt 

reduction at depth is, therefore, consistent with the notion that inflows of mCDW into the sub-ice-shelf cavities may 

be counteracted by a thinned ice shelf whose draft sits in shallower (cooler) waters (Padman et al., 2012); or with the 

idea that cold meltwater from the deep grounding lines might reduce melt at shallower depths (Lewis and Perkin, 

1986). Other investigations, however, have suggested that in the early 2010s ocean conditions in the ASE changed, 510 

further contributing to a reduction in basal melt of the West Antarctic ice shelves (Jenkins et al., 2018; Webber et al., 

2017). We note that our modeling experiments do not negate the influence of changes in thermocline depth on ice 

shelf melt, or is intended to single out a driving mechanism (due to its simplicity), but rather suggest that changes in 

cavity-geometry alone play a significant role in melt variability. 



17  

The link between ice shelf thinning and ice shelf melt comprises a negative feedback relationship that acts in tandem 515 

with a separate negative feedback relationship between grounded ice acceleration and ice shelf thinning: (i) Prolonged 

ice shelf thinning and grounding line retreat have reduced the backstress that ice shelves provide, allowing outlet 

glaciers to accelerate (Konrad et al., 2017; Gudmundsson et al., 2019; Minchew et al., 2018), and the new influx of 

grounded ice has provided some mitigation to the overall thinning rate of ice shelves in the ASE and BSE. (ii) Thinning 

has most likely contributed to a reduction in basal melt rates by placing ice shelf drafts in cooler waters compared to 520 

their geometric configuration in the 1990s and early 2000s (Padman et al., 2012). We hypothesize that these two 

feedback mechanisms account for the majority of the recent slowdown in ice shelf thinning, with the remainder 

attributable to a multi-year reduction in basal melt due to a change in hydrographic properties (e.g., a temporary shift 

in the depth of the thermocline). 

6  Conclusion 525 

We have examined the time-varying evolution of Antarctic ice shelf thickness and ocean melt rates over a 26-year 

period. We show overall thinning around Antarctica consistent with previous studies, but also that there has been a 

significant and consistent slowdown in rates of thinning since around 2008 across several West Antarctic and Wilkes 

basin ice shelves. Much of the slowdown in thinning can be attributed two key negative feedbacks: the thickness-flux 

feedback and the thickness-melt feedback. In the thickness-flux feedback ice thinning leads to a reduction in the 530 

backstress exerted by the ice shelf on upstream grounded ice, which in turn leads to an increase in ice flux across the 

grounding line that reduces rates of ice shelf thinning. In the thickness-melt feedback ice thinning results in a shallower 

ice shelf draft, exposing the ice shelf to waters with reduced heat content leading to a reduction in melt rates. We 

hypothesize that the remaining unaccounted for reduction in basal melt rates point to a reduction in ocean forcing.  

We note that our observations span only 26 years, and the reduction in thinning and basal melt that we report may 535 

represent a temporary adjustment period on decadal timescales. We neglect areas within 3 km of the grounding line 

to limit the influence of bridging stresses; yet, our measurements could still be influenced by local transient changes 

in the hydrostatic state of ice within our areas of observation. The melt rates we report could also be influenced by 

changes in grounding line position that occur outside our region of analysis, as hotspots of melt migrate nearer or 

farther from our fixed mask. Nonetheless, the slowdown in melt that we report is seen across several ice shelves, and 540 

in multiple sectors of Antarctica.  

The above-mentioned feedbacks will be captured by fully coupled instantaneous response ice-ocean models (e.g., 

Goldberg et al., 2012; Seroussi et al., 2017). These models, however, are computationally expensive and not currently 

included in the pan-Antarctic ice sheet models that have been used to generate sea level projections for the coming 

century (Seroussi et al., 2020; Fox-Kemper et al., 2021). We cannot offer a complete picture of the long-term impact 545 

of the processes we describe until they are adopted in fully coupled pan-Antarctic ice-ocean models. However, our 

findings indicate that by including ice dynamic feedbacks and the tendency for ice shelves to thin themselves into 
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cooler waters, projections of ice loss may prove more complex, and possibly more tempered than current estimates 

suggest.  

 550 

Data availability  

All ice shelf thickness and basal melt rate data generated in this study are freely available at 

https://doi.org/10.5067/SE3XH9RXQWAM. GEMB model outputs and error estimates are available at 

https://doi.org/10.5281/zenodo.7786998. Spatially and temporally continuous reconstruction of Antarctic Amundsen 

Sea sector ice sheet surface velocities (1996-2018) are available at https://doi.org/10.5281/zenodo.7809354. Velocity 555 

data from ITS_LIVE are available at https://doi.org/10.5067/6II6VW8LLWJ7. 

Code availability 

All the code developed to process and analyze the satellite data used in this study is freely available as an open-source 

Python package hosted on GitHub at https://doi.org/10.5281/zenodo.3665785. The Glacier Energy and Mass Balance 

model (GEMB) used for firn and surface mass balance modeling is a module of NASA’s open-source Ice-sheet and 560 

Sea-level System Model (ISSM) that can be downloaded at https://issm.jpl.nasa.gov. 

Acknowledgements  

The authors were supported by the ITS_LIVE project awarded through NASA MEaSUREs program, and the NASA 

Cryosphere program. We thank the European Space Agency (ESA) for distributing their radar altimetry data. We 

thank Dr. T. Armitage of JPL for providing the Antarctic mean sea level data. We thank Dr. A. Thompson of Caltech 565 

for useful discussions on ice-ocean interactions. We thank the JPL Supercomputing Group for assisting with HPC 

resources. The research described in this paper was carried out at the Jet Propulsion Laboratory, California Institute 

of Technology, under a contract with NASA.  

Author contributions  

F.S.P and A.S.G. conceptualized the study. F.S.P. processed the ice shelf data, developed the melt rate inversion and 570 

performed the analyses. C.A.G. performed the quality assessment. J.N.N. processed the grounded ice data. F.S.P and 

J.N.N. developed the method and code for altimetry data. M.P.S. setup and ran the ice-ocean model. A.S.G. and N.S. 

developed the firn model and N.S. ran the model. F.S.P, A.S.G., C.A.G. and H.A.F. wrote the majority of the main 

text. All authors contributed to the writing and editing of the manuscript.  

Competing interests  575 

The authors report no competing interests.  

 



19  

References  

Adusumilli, S., Fricker, H. A., Siegfried, M. R., Padman, L., Paolo, F. S., and Ligtenberg, S. R. M.: Variable Basal 

Melt Rates of Antarctic Peninsula Ice Shelves, 1994–2016, Geophys. Res. Lett., 45, 580 

https://doi.org/10.1002/2017GL076652, 2018. 

Adusumilli, S., Fricker, H. A., Medley, B., Padman, L., and Siegfried, M. R.: Interannual variations in meltwater 

input to the Southern Ocean from Antarctic ice shelves, Nat. Geosci., 13, 616–620, 

https://doi.org/10.1038/s41561-020-0616-z, 2020. 

Armitage, T. W. K., Kwok, R., Thompson, A. F., and Cunningham, G.: Dynamic Topography and Sea Level 585 

Anomalies of the Southern Ocean: Variability and Teleconnections, J. Geophys. Res. Ocean., 123, 613–630, 

https://doi.org/10.1002/2017JC013534, 2018. 

Arndt, J. E., Schenke, H. W., Jakobsson, M., Nitsche, F. O., Buys, G., Goleby, B., Rebesco, M., Bohoyo, F., Hong, 

J., Black, J., Greku, R., Udintsev, G., Barrios, F., Reynoso-Peralta, W., Taisei, M., and Wigley, R.: The 

international bathymetric chart of the Southern Ocean (IBCSO) version 1.0-A new bathymetric compilation 590 

covering circum-Antarctic waters, Geophys. Res. Lett., 40, 3111–3117, https://doi.org/10.1002/grl.50413, 2013. 

BAMBER, J. L.: Ice sheet altimeter processing scheme, Int. J. Remote Sens., 15, 925–938, 

https://doi.org/10.1080/01431169408954125, 1994. 

Bouffard, J., Naeije, M., Banks, C. J., Calafat, F. M., Cipollini, P., Snaith, H. M., Webb, E., Hall, A., Mannan, R., 

Féménias, P., and Parrinello, T.: CryoSat ocean product quality status and future evolution, Adv. Sp. Res., 62, 595 

1549–1563, https://doi.org/https://doi.org/10.1016/j.asr.2017.11.043, 2018. 

Brockley, D. J., Baker, S., Féménias, P., Martínez, B., Massmann, F., Otten, M., Paul, F., Picard, B., Prandi, P., 

Roca, M., Rudenko, S., Scharroo, R., and Visser, P.: REAPER: Reprocessing 12 Years of ERS-1 and ERS-2 

Altimeters and Microwave Radiometer Data, IEEE Trans. Geosci. Remote Sens., 55, 5506–5514, 

https://doi.org/10.1109/TGRS.2017.2709343, 2017. 600 

Buizert, C., Sigl, M., Severi, M., Markle, B. R., Wettstein, J. J., McConnell, J. R., Pedro, J. B., Sodemann, H., Goto-

Azuma, K., Kawamura, K., Fujita, S., Motoyama, H., Hirabayashi, M., Uemura, R., Stenni, B., Parrenin, F., He, 

F., Fudge, T. J., and Steig, E. J.: Abrupt ice-age shifts in southern westerly winds and Antarctic climate forced 

from the north, Nature, 563, 681–685, https://doi.org/10.1038/s41586-018-0727-5, 2018. 

Christianson, K., Bushuk, M., Dutrieux, P., Parizek, B. R., Joughin, I. R., Alley, R. B., Shean, D. E., Abrahamsen, 605 

E. P., Anandakrishnan, S., Heywood, K. J., Kim, T. W., Lee, S. H., Nicholls, K., Stanton, T., Truffer, M., 

Webber, B. G. M., Jenkins, A., Jacobs, S., Bindschadler, R., and Holland, D. M.: Sensitivity of Pine Island 

Glacier to observed ocean forcing, Geophys. Res. Lett., 43, 10,817-10,825, 

https://doi.org/10.1002/2016GL070500, 2016. 

Davis, C. H. and Ferguson, A. C.: Elevation change of the antarctic ice sheet, 1995-2000, from ERS-2 satellite radar 610 

altimetry, IEEE Trans. Geosci. Remote Sens., 42, 2437–2445, https://doi.org/10.1109/TGRS.2004.836789, 

2004. 

Davis, C. H. and Moore, R. K.: A combined surface and volume scattering model for ice-sheet radar altimetry, J. 

Glaciol., 39, 675–686, https://doi.org/10.3189/S0022143000016579, 1993. 



20  

Davis, P. E. D., Jenkins, A., Nicholls, K. W., Brennan, P. V., Abrahamsen, E. P., Heywood, K. J., Dutrieux, P., Cho, 615 

K. H., and Kim, T. W.: Variability in Basal Melting Beneath Pine Island Ice Shelf on Weekly to Monthly 

Timescales, J. Geophys. Res. Ocean., 123, 8655–8669, https://doi.org/10.1029/2018JC014464, 2018. 

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., Andrae, U., Balmaseda, M. A., 

Balsamo, G., Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bidlot, J., Bormann, N., Delsol, C., 

Dragani, R., Fuentes, M., Geer, A. J., Haimberger, L., Healy, S. B., Hersbach, H., Hólm, E. V., Isaksen, L., 620 

Kållberg, P., Köhler, M., Matricardi, M., Mcnally, A. P., Monge-Sanz, B. M., Morcrette, J. J., Park, B. K., 

Peubey, C., de Rosnay, P., Tavolato, C., Thépaut, J. N., and Vitart, F.: The ERA-Interim reanalysis: 

Configuration and performance of the data assimilation system, Q. J. R. Meteorol. Soc., 137, 553–597, 

https://doi.org/10.1002/qj.828, 2011. 

Depoorter, M. A., Bamber, J. L., Griggs, J. A., Lenaerts, J. T. M., Ligtenberg, S. R. M., Van Den Broeke, M. R., and 625 

Moholdt, G.: Calving fluxes and basal melt rates of Antarctic ice shelves, Nature, 502, 89–92, 

https://doi.org/10.1038/nature12567, 2013. 

Dutrieux, P., De Rydt, J., Jenkins, A., Holland, P. R., Ha, H. K., Lee, S. H., Steig, E. J., Ding, Q., Abrahamsen, E. 

P., and Schröder, M.: Strong sensitivity of pine Island ice-shelf melting to climatic variability, Science (80-. )., 

343, 174–178, https://doi.org/10.1126/science.1244341, 2014. 630 

Egbert, G. D. and Erofeeva, S. Y.: Efficient inverse modeling of barotropic ocean tides, J. Atmos. Ocean. Technol., 

19, 183–204, https://doi.org/10.1175/1520-0426(2002)019<0183:EIMOBO>2.0.CO;2, 2002. 

Fecher, T., Pail, R., Gruber, T., Schuh, W. D., Kusche, J., Brockmann, J. M., Loth, I., Müller, S., Eicker, A., Schall, 

J., Mayer-Gürr, T., Kvas, A., Klinger, B., Rieser, D., Zehentner, N., Baur, O., Höck, E., Krauss, S., Jäggi, A., 

Meyer, U., Prange, L., and Maier, A.: GOCO05c: A New Combined Gravity Field Model Based on Full Normal 635 

Equations and Regionally Varying Weighting, https://doi.org/10.1007/s10712-016-9406-y, 1 May 2017. 

Forget, G., Campin, J.-M., Heimbach, P., Hill, C. N., Ponte, R. M., and Wunsch, C.: ECCO version 4: an integrated 

framework for non-linear inverse modeling and global ocean state estimation, Geosci. Model Dev., 8, 3071–

3104, https://doi.org/10.5194/gmd-8-3071-2015, 2015. 

Fox-Kemper, B., Hewitt, H. T., Xiao, C., Aðalgeirsdóttir, G., Drijfhout, S. S., Edwards, T. L., Golledge, N. R., 640 

Hemer, M., Kopp, R. E., Krinner, G., Mix, A., Notz, D., Nowicki, S., Nurhati, I. S., Ruiz, L., Sallée, J.-B., 

Slangen, A. B. A., and Yu, Y.: 2021: Ocean, Cryosphere and Sea Level Change. In Climate Change 2021: The 

Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the 

Intergovernmental Panel on Climate Change, edited by: Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S. 

L., Péan, C., Berger, S., Caud, N., Chen, Y., Goldfarb, L., Gomis, M. I., Huang, M., Leitzell, K., Lonnoy, E., 645 

Matthews, J. B. R., Maycock, T. K., Waterfield, T., Yelekçi, O., Yu, R., and Zhou, B., Cambridge University 

Press. In Press., 2021. 

Fretwell, P., Pritchard, H. D., Vaughan, D. G., Bamber, J. L., Barrand, N. E., Bell, R., Bianchi, C., Bingham, R. G., 

Blankenship, D. D., Casassa, G., Catania, G., Callens, D., Conway, H., Cook, A. J., Corr, H. F. J., Damaske, D., 

Damm, V., Ferraccioli, F., Forsberg, R., Fujita, S., Gim, Y., Gogineni, P., Griggs, J. A., Hindmarsh, R. C. A., 650 

Holmlund, P., Holt, J. W., Jacobel, R. W., Jenkins, A., Jokat, W., Jordan, T., King, E. C., Kohler, J., Krabill, 



21  

W., Riger-Kusk, M., Langley, K. A., Leitchenkov, G., Leuschen, C., Luyendyk, B. P., Matsuoka, K., Mouginot, 

J., Nitsche, F. O., Nogi, Y., Nost, O. A., Popov, S. V., Rignot, E., Rippin, D. M., Rivera, A., Roberts, J., Ross, 

N., Siegert, M. J., Smith, A. M., Steinhage, D., Studinger, M., Sun, B., Tinto, B. K., Welch, B. C., Wilson, D., 

Young, D. A., Xiangbin, C., and Zirizzotti, A.: Bedmap2: Improved ice bed, surface and thickness datasets for 655 

Antarctica, Cryosphere, 7, 375–393, https://doi.org/10.5194/tc-7-375-2013, 2013. 

Gardner, A., Schlegel, N.-J., and Larour, E.: Glacier Energy and Mass Balance (GEMB v1.0): A model of firn 

processes for cryosphere research, Egusph. [preprint], https://doi.org/https://doi.org/10.5194/egusphere-2022-

674, 2022a. 

Gardner, A. ., Fahnestock, M., and Scambos, T.: MEaSUREs ITS_LIVE Regional Glacier and Ice Sheet Surface 660 

Velocities, Version 1 [Data Set], 2022b. 

Gardner, A. S., Moholdt, G., Scambos, T., Fahnstock, M., Ligtenberg, S., van den Broeke, M., and Nilsson, J.: 

Increased West Antarctic and unchanged East Antarctic ice discharge over the last 7 years, Cryosphere, 12, 

521–547, https://doi.org/10.5194/tc-12-521-2018, 2018. 

Goldberg, D. N., Little, C. M., Sergienko, O. V., Gnanadesikan, A., Hallberg, R., and Oppenheimer, M.: 665 

Investigation of land ice-ocean interaction with a fully coupled ice-ocean model: 1. Model description and 

behavior, J. Geophys. Res. Earth Surf., 117, https://doi.org/10.1029/2011JF002246, 2012. 

Greene, C. A., Gwyther, D. E., and Blankenship, D. D.: Antarctic Mapping Tools for MATLAB, Comput. Geosci., 

104, 151–157, 2017. 

Greene, C. A., Gardner, A. S., Schlegel, N. J., and Fraser, A. D.: Antarctic calving loss rivals ice-shelf thinning, Nat. 670 

2022 6097929, 609, 948–953, https://doi.org/10.1038/s41586-022-05037-w, 2022. 

Gudmundsson, G. H. H., Paolo, F. S. F. S., Adusumilli, S., and Fricker, H. A. H. A.: Instantaneous Antarctic ice 

sheet mass loss driven by thinning ice shelves, Geophys. Res. Lett., 46, 13903–13909, 

https://doi.org/10.1029/2019GL085027, 2019. 

Guérou, A. ., Meyssignac, B. ., Prandi, P. ., Ablain, M. ., Ribes, A. ., and Bignalet-Cazalet, F.: Current observed 675 

global mean sea level rise and acceleration estimated from satellite altimetry and the associated uncertainty, 

Egusph. [preprint], 2022. 

Hellmer, H. H. and Olbers, D. J.: A two-dimensional model for the thermohaline circulation under an ice shelf, 

Antarct. Sci., 1, 325–336, https://doi.org/10.1017/S0954102089000490, 1989. 

Holland, P. R., Bracegirdle, T. J., Dutrieux, P., Jenkins, A., and Steig, E. J.: West Antarctic ice loss influenced by 680 

internal climate variability and anthropogenic forcing, Nat. Geosci., 12, 718–724, 

https://doi.org/10.1038/s41561-019-0420-9, 2019. 

Holland, P. W. and Welsch, R. E.: Robust regression using iteratively reweighted least-squares, Commun. Stat. - 

Theory Methods, 6, 813–827, https://doi.org/10.1080/03610927708827533, 1977. 

Jacobs, S., Giulivi, C., Dutrieux, P., Rignot, E., Nitsche, F., and Mouginot, J.: Getz Ice Shelf melting response to 685 

changes in ocean forcing, J. Geophys. Res. Ocean., 118, 4152–4168, https://doi.org/10.1002/jgrc.20298, 2013. 

Jenkins, A., Hellmer, H. H., and Holland, D. M.: The role of meltwater advection in the formulation of conservative 

boundary conditions at an Ice-Ocean interface, J. Phys. Oceanogr., 31, 285–296, https://doi.org/10.1175/1520-



22  

0485(2001)031<0285:TROMAI>2.0.CO;2, 2001. 

Jenkins, A., Dutrieux, P., Jacobs, S. S., McPhail, S. D., Perrett, J. R., Webb, A. T., and White, D.: Observations 690 

beneath Pine Island Glacier in West-Antarctica and implications for its retreat, Nat. Geosci., 3, 468–472, 

https://doi.org/10.1038/ngeo890, 2010. 

Jenkins, A., Shoosmith, D., Dutrieux, P., Jacobs, S., Kim, T. W., Lee, S. H., Ha, H. K., and Stammerjohn, S.: West 

Antarctic Ice Sheet retreat in the Amundsen Sea driven by decadal oceanic variability, Nat. Geosci., 11, 733–

738, https://doi.org/10.1038/s41561-018-0207-4, 2018. 695 

Joughin, I., Smith, B. E., and Medley, B.: Marine ice sheet collapse potentially under way for the thwaites glacier 

basin, West Antarctica, Science (80-. )., 344, 735–738, https://doi.org/10.1126/science.1249055, 2014. 

Khazendar, A., Schodlok, M. P., Fenty, I., Ligtenberg, S. R. M. M., Rignot, E., and Van Den Broeke, M. R.: 

Observed thinning of Totten Glacier is linked to coastal polynya variability, Nat. Commun., 4, 2857, 

https://doi.org/10.1038/ncomms3857, 2013. 700 

Khvorostovsky, K. S.: Merging and analysis of elevation time series over greenland ice sheet from satellite radar 

altimetry, IEEE Trans. Geosci. Remote Sens., 50, 23–36, https://doi.org/10.1109/TGRS.2011.2160071, 2012. 

Konrad, H., Gilbert, L., Cornford, S. L., Payne, A., Hogg, A., Muir, A., and Shepherd, A.: Uneven onset and pace of 

ice-dynamical imbalance in the Amundsen Sea Embayment, West Antarctica, Geophys. Res. Lett., 44, 910–

918, https://doi.org/10.1002/2016GL070733, 2017. 705 

Lewis, E. L. and Perkin, R. G.: Ice pumps and their rates, J. Geophys. Res., 91, 11756, 

https://doi.org/10.1029/jc091ic10p11756, 1986. 

Ligtenberg, S. R. M., Helsen, M. M., and Van Den Broeke, M. R.: An improved semi-empirical model for the 

densification of Antarctic firn, Cryosphere, 5, 809–819, https://doi.org/10.5194/tc-5-809-2011, 2011. 

Ligtenberg, S. R. M., Kuipers Munneke, P., and Van Den Broeke, M. R.: Present and future variations in Antarctic 710 

firn air content, Cryosphere, 8, 1711–1723, https://doi.org/10.5194/tc-8-1711-2014, 2014. 

Losch, M.: Modeling ice shelf cavities in a z coordinate ocean general circulation model, J. Geophys. Res. Ocean., 

113, https://doi.org/10.1029/2007JC004368, 2008. 

Losch, M., Menemenlis, D., Campin, J.-M., Heimbach, P., and Hill, C.: On the formulation of sea-ice models. Part 

1: Effects of different solver implementations and parameterizations, Ocean Model., 33, 129–144, 715 

https://doi.org/https://doi.org/10.1016/j.ocemod.2009.12.008, 2010. 

McMillan, M., Shepherd, A., Sundal, A., Briggs, K., Muir, A., Ridout, A., Hogg, A., and Wingham, D.: Increased 

ice losses from Antarctica detected by CryoSat-2, Geophys. Res. Lett., 41, 3899–3905, 

https://doi.org/10.1002/2014GL060111, 2014. 

Medley, B., Neumann, T. A., Zwally, H. J., Smith, B. E., and Stevens, C. M.: Simulations of firn processes over the 720 

Greenland and Antarctic ice sheets: 1980-2021, Cryosphere, 16, 3971–4011, https://doi.org/10.5194/TC-16-

3971-2022, 2022. 

Melnichenko, O., Hacker, P., Maximenko, N., Lagerloef, G., and Potemra, J.: Spatial Optimal Interpolation of 

Aquarius Sea Surface Salinity: Algorithms and Implementation in the North Atlantic*, J. Atmos. Ocean. 

Technol., 31, 1583–1600, https://doi.org/10.1175/JTECH-D-13-00241.1, 2014. 725 



23  

Milillo, P., Rignot, E., Rizzoli, P., Scheuchl, B., Mouginot, J., Bueso-Bello, J. L., Prats-Iraola, P., and Dini, L.: 

Rapid glacier retreat rates observed in West Antarctica, Nat. Geosci. 2022 151, 15, 48–53, 

https://doi.org/10.1038/s41561-021-00877-z, 2022. 

Minchew, B. M., Gudmundsson, G. H., Gardner, A. S., Paolo, F. S., and Fricker, H. A.: Modeling the dynamic 

response of outlet glaciers to observed ice-shelf thinning in the Bellingshausen Sea Sector, West Antarctica, J. 730 

Glaciol., 64, 333–342, https://doi.org/10.1017/jog.2018.24, 2018. 

Morlighem, M., Rignot, E., Binder, T., Blankenship, D., Drews, R., Eagles, G., Eisen, O., Ferraccioli, F., Forsberg, 

R., Fretwell, P., Goel, V., Greenbaum, J. S., Gudmundsson, H., Guo, J., Helm, V., Hofstede, C., Howat, I., 

Humbert, A., Jokat, W., Karlsson, N. B., Lee, W. S., Matsuoka, K., Millan, R., Mouginot, J., Paden, J., Pattyn, 

F., Roberts, J., Rosier, S., Ruppel, A., Seroussi, H., Smith, E. C., Steinhage, D., Sun, B., Broeke, M. R. va. van 735 

den, Ommen, T. D. va. van, Wessem, M. van, and Young, D. A.: Deep glacial troughs and stabilizing ridges 

unveiled beneath the margins of the Antarctic ice sheet, Nat. Geosci., 13, 132–137, 

https://doi.org/10.1038/s41561-019-0510-8, 2020. 

Mouginot, J., Rignot, E., and Scheuchl, B.: Sustained increase in ice discharge from the Amundsen Sea Embayment, 

West Antarctica, from 1973 to 2013, Geophys. Res. Lett., 41, 1576–1584, 740 

https://doi.org/10.1002/2013GL059069, 2014. 

Mouginot, J., Scheuchl, B., and Rignot, E.: MEaSUREs Antarctic Boundaries for IPY 2007-2009 from Satellite 

Radar, Version 2. Boulder, Colorado USA. NASA National Snow and Ice Data Center Distributed Active 

Archive Center, 2017. 

Mouginot, J. ., Rignot, E. ., and Scheuchl, B.: MEaSUREs Phase-Based Antarctica Ice Velocity Map, Version 1 745 

[Data Set], 2019. 

Nakayama, Y., Menemenlis, D., Schodlok, M., and Rignot, E.: Amundsen and Bellingshausen Seas simulation with 

optimized ocean, sea ice, and thermodynamic ice shelf model parameters, J. Geophys. Res. Ocean., 122, 6180–

6195, https://doi.org/10.1002/2016JC012538, 2017. 

Nakayama, Y., Menemenlis, D., Zhang, H., Schodlok, M., and Rignot, E.: Origin of Circumpolar Deep Water 750 

intruding onto the Amundsen and Bellingshausen Sea continental shelves, Nat. Commun., 9, 3403, 

https://doi.org/10.1038/s41467-018-05813-1, 2018. 

Nilsson, J., Gardner, A., Sørensen, L. S., and Forsberg, R.: Improved retrieval of land ice topography from CryoSat-

2 data and its impact for volume-change estimation of the Greenland Ice Sheet, Cryosphere, 10, 2953–2969, 

https://doi.org/10.5194/tc-10-2953-2016, 2016. 755 

Nilsson, J., Gardner, A. S., and Paolo, F. S.: Elevation change of the Antarctic Ice Sheet: 1985 to 2020, Earth Syst. 

Sci. Data, 14, 3573–3598, https://doi.org/10.5194/ESSD-14-3573-2022, 2022. 

Padman, L., Costa, D. P., Dinniman, M. S., Fricker, H. A., Goebel, M. E., Huckstadt, L. A., Humbert, A., Joughin, 

I., Lenaerts, J. T. M., Ligtenberg, S. R. M., Scambos, T., and Van Den Broeke, M. R.: Oceanic controls on the 

mass balance of Wilkins Ice Shelf, Antarctica, J. Geophys. Res. Ocean., 117, 760 

https://doi.org/10.1029/2011JC007301, 2012. 

Padman, L., Fricker, H. A., Coleman, R., Howard, S., and Erofeeva, L.: A new tide model for the Antarctic ice 



24  

shelves and seas, Ann. Glaciol., 34, 247–254, n.d. 

Paolo, F. S., Fricker, H. A., and Padman, L.: Volume loss from Antarctic ice shelves is accelerating, Science (80-. )., 

348, 327–331, https://doi.org/10.1126/science.aaa0940, 2015. 765 

Paolo, F. S., Fricker, H. A., and Padman, L.: Constructing improved decadal records of Antarctic ice shelf height 

change from multiple satellite radar altimeters, Remote Sens. Environ., 177, 192–205, 

https://doi.org/10.1016/j.rse.2016.01.026, 2016. 

Paolo, F. S., Padman, L., Fricker, H. A., Adusumilli, S., Howard, S., and Siegfried, M. R.: Response of Pacific-

sector Antarctic ice shelves to the El Niño/Southern Oscillation, Nat. Geosci., 11, 121–126, 770 

https://doi.org/10.1038/s41561-017-0033-0, 2018. 

Partington, K. C., Ridley, J. K., Rapley, C. G., and Zwally, H. J.: Observations of the Surface Properties of the Ice 

Sheets by Satellite Radar Altimetry, J. Glaciol., 35, 267–275, https://doi.org/10.3189/S0022143000004603, 

1989. 

Pritchard, H. D., Ligtenberg, S. R. M., Fricker, H. A., Vaughan, D. G., Van Den Broeke, M. R., and Padman, L.: 775 

Antarctic ice-sheet loss driven by basal melting of ice shelves, Nature, 484, 502–505, 

https://doi.org/10.1038/nature10968, 2012. 

Rémy, F. and Parouty, S.: Antarctic Ice Sheet and Radar Altimetry: A Review, https://doi.org/10.3390/rs1041212, 

2009. 

Richter, A., Popov, S. V., Fritsche, M., Lukin, V. V., Matveev, A. Y., Ekaykin, A. A., Lipenkov, V. Y., Fedorov, D. 780 

V., Eberlein, L., Schröder, L., Ewert, H., Horwath, M., and Dietrich, R.: Height changes over subglacial Lake 

Vostok, East Antarctica: Insights from GNSS observations, J. Geophys. Res. Earth Surf., 119, 2460–2480, 

https://doi.org/10.1002/2014JF003228, 2014. 

Riel, B. and Minchew, B.: Variational inference of ice shelf rheology with physics-informed machine learning, J. 

Glaciol., 1–20, https://doi.org/10.1017/JOG.2023.8, 2023. 785 

Rignot, E., Mouginot, J, and Scheuchl, B: Antarctic Grounding Line Mapping from Differential Satellite Radar 

Interferometry, Geophys. Res. Lett., 38, https://doi.org/10.1029/2011GL047109, 2011. 

Rignot, E., Jacobs, S., Mouginot, J., and Scheuchl, B.: Ice-shelf melting around antarctica, Science (80-. )., 341, 

266–270, https://doi.org/10.1126/science.1235798, 2013. 

Rignot, E., Mouginot, J., Morlighem, M., Seroussi, H., and Scheuchl, B.: Widespread, rapid grounding line retreat of 790 

Pine Island, Thwaites, Smith, and Kohler glaciers, West Antarctica, from 1992 to 2011, Geophys. Res. Lett., 41, 

3502–3509, https://doi.org/10.1002/2014GL060140, 2014a. 

Rignot, E., Mouginot, J., and Scheuchl, B.: MEaSUREs InSAR-Based Antarctica Ice Velocity Map, Version 2. 

Boulder, Colorado USA. NASA National Snow and Ice Data Center Distributed Active Archive Center, 2017. 

Rignot, E., Mouginot, J., Scheuchl, B., Van Den Broeke, M., Van Wessem, M. J., and Morlighem, M.: Four decades 795 

of Antarctic ice sheet mass balance from 1979–2017, https://doi.org/10.1073/pnas.1812883116, 22 January 

2019. 

Rignot, E., Mouginot, J., and Scheuchl, B.: MEaSUREs InSAR-Based Ice Velocity of the Amundsen Sea 

Embayment, Antarctica, Version 1 [Data Set], 2014b. 
Deleted:  .800 



25  

Roberts, J., Galton-Fenzi, B. K. B. K., Paolo, F. S. F. S., Donnelly, C., Gwyther, D. E. D. E., Padman, L., Young, 

D., Warner, R., Greenbaum, J., Fricker, H. A. H. A., Payne, A. J. A. J., Cornford, S., Brocq, A. L. A. L., Van 

Ommen, T., Blankenship, D., and Siegert, M. J. M. J.: Ocean forced variability of Totten Glacier mass loss, 

Geol. Soc. Spec. Publ., 461, 175–186, https://doi.org/10.1144/SP461.6, 2018. 

Sadai, S., Condron, A., DeConto, R., and Pollard, D.: Future climate response to Antarctic Ice Sheet melt caused by 805 

anthropogenic warming, Sci. Adv., 6, eaaz1169, https://doi.org/10.1126/sciadv.aaz1169, 2020. 

Savitzky, A. and Golay, M. J. E.: Smoothing and Differentiation of Data by Simplified Least Squares Procedures, 

Anal. Chem., 36, 1627–1639, https://doi.org/10.1021/ac60214a047, 1964. 

Schlegel, N.-J. and Gardner, A.: Output from the Glacier Energy and Mass Balance (GEMB v1.0) forced with 3-

hourly ERA5 fields and gridded to 10km, Greenland and Antarctica 1979-June 2022, 810 

https://doi.org/10.5281/ZENODO.7199528, 2022. 

Schodlok, M. P., Menemenlis, D., Rignot, E., and Studinger, M.: Sensitivity of the ice-shelf/ocean system to the 

sub-ice-shelf cavity shape measured by nasa icebridge in pine island glacier, west antarctica, Ann. Glaciol., 53, 

156–162, https://doi.org/10.3189/2012AoG60A073, 2012. 

Selley, H. L., Hogg, A. E., Cornford, S., Dutrieux, P., Shepherd, A., Wuite, J., Floricioiu, D., Kusk, A., Nagler, T., 815 

Gilbert, L., Slater, T., and Kim, T.-W. W.: Widespread increase in dynamic imbalance in the Getz region of 

Antarctica from 1994 to 2018, Nat. Commun., 12, 1133, https://doi.org/10.1038/s41467-021-21321-1, 2021. 

Seroussi, H., Nakayama, Y., Larour, E., Menemenlis, D., Morlighem, M., Rignot, E., and Khazendar, A.: Continued 

retreat of Thwaites Glacier, West Antarctica, controlled by bed topography and ocean circulation, Geophys. 

Res. Lett., 44, 6191–6199, https://doi.org/10.1002/2017GL072910, 2017. 820 

Seroussi, H., Nowicki, S., Payne, A. J., Goelzer, H., Lipscomb, W. H., Abe-Ouchi, A., Agosta, C., Albrecht, T., 

Asay-Davis, X., Barthel, A., Calov, R., Cullather, R., Dumas, C., Galton-Fenzi, B. K., Gladstone, R., Golledge, 

N. R., Gregory, J. M., Greve, R., Hattermann, T., Hoffman, M. J., Humbert, A., Huybrechts, P., Jourdain, N. C., 

Kleiner, T., Larour, E., Leguy, G. R., Lowry, D. P., Little, C. M., Morlighem, M., Pattyn, F., Pelle, T., Price, S. 

F., Quiquet, A., Reese, R., Schlegel, N. J., Shepherd, A., Simon, E., Smith, R. S., Straneo, F., Sun, S., Trusel, L. 825 

D., Breedam, J. Van, Van De Wal, R. S. W., Winkelmann, R., Zhao, C., Zhang, T., and Zwinger, T.: ISMIP6 

Antarctica: A multi-model ensemble of the Antarctic ice sheet evolution over the 21st century, Cryosphere, 14, 

3033–3070, https://doi.org/10.5194/TC-14-3033-2020, 2020. 

Shepherd, A., Wingham, D., and Rignot, E.: Warm ocean is eroding West Antarctic Ice Sheet, Geophys. Res. Lett., 

31, 1–4, https://doi.org/10.1029/2004GL021106, 2004. 830 

Shepherd, A., Fricker, H. A., and Farrell, S. L.: Trends and connections across the Antarctic cryosphere, Nature, 

558, 223–232, https://doi.org/10.1038/s41586-018-0171-6, 2018. 

Smith, B., Fricker, H. A., Gardner, A. S., Medley, B., Nilsson, J., Paolo, F. S., Holschuh, N., Adusumilli, S., Brunt, 

K., Csatho, B., Harbeck, K., Markus, T., Neumann, T., Siegfried, M. R., Zwally, H. J., Paolo Nicholas 

Holschuh, F. S., Adusumilli, S., Brunt, K., Csatho, B., Harbeck, K., Markus, T., Neumann, T., Siegfried, M. R., 835 

and Jay Zwally, H.: Pervasive ice sheet mass loss reflects competing ocean and atmosphere processes, Science 

(80-. )., 368, 1239 LP – 1242, https://doi.org/10.1126/science.aaz5845, 2020. 



26  

Smith, J. A., Andersen, T. J., Shortt, M., Gaffney, A. M., Truffer, M., Stanton, T. P., Bindschadler, R., Dutrieux, P., 

Jenkins, A., Hillenbrand, C. D., Ehrmann, W., Corr, H. F. J., Farley, N., Crowhurst, S., and Vaughan, D. G.: 

Sub-ice-shelf sediments record history of twentieth-century retreat of Pine Island Glacier, Nature, 541, 77–80, 840 

https://doi.org/10.1038/nature20136, 2017. 

Le Traon, P. Y., Nadal, F., and Ducet, N.: An improved mapping method of multisatellite altimeter data, J. Atmos. 

Ocean. Technol., 15, 522–534, https://doi.org/10.1175/1520-0426(1998)015<0522:AIMMOM>2.0.CO;2, 1998. 

Webber, B. G. M., Heywood, K. J., Stevens, D. P., Dutrieux, P., Abrahamsen, E. P., Jenkins, A., Jacobs, S. S., Ha, 

H. K., Lee, S. H., and Kim, T. W.: Mechanisms driving variability in the ocean forcing of Pine Island Glacier, 845 

Nat. Commun., 8, 1–8, https://doi.org/10.1038/ncomms14507, 2017. 

Weertman, J.: Stability of the Junction of an Ice Sheet and an Ice Shelf, J. Glaciol., 13, 3–11, 

https://doi.org/10.1017/S0022143000023327, 1974. 

Wingham, D. J., Wallis, D. W., and Shepherd, A.: Spatial and temporal evolution of Pine Island Glacier thinning, 

1995-2006, Geophys. Res. Lett., 36, https://doi.org/10.1029/2009GL039126, 2009. 850 

Wouters, B., Martin-Español, A., Helm, V., Flament, T., Van Wessem, J. M., Ligtenberg, S. R. M., Van Den 

Broeke, M. R., and Bamber, J. L.: Dynamic thinning of glaciers on the Southern Antarctic Peninsula, Science 

(80-. )., 348, 899–903, https://doi.org/10.1126/science.aaa5727, 2015. 

Zwally, H. J., Giovinetto, M. B., Li, J., Cornejo, H. G., Beckley, M. A., Brenner, A. C., Saba, J. L., and Yi, D.: Mass 

changes of the Greenland and Antarctic ice sheets and shelves and contributions to sea-level rise: 1992-2002, J. 855 

Glaciol., 51, 509–527, https://doi.org/10.3189/172756505781829007, 2005. 

 

   

 

 860 

 

 

 

 

 865 

 

 

 

 

 870 

 

 



27  

 

 

 875 

 
 

Figure 1: Multi-parameter radar scattering correction. (top) The different waveform parameters used to 
characterize the radar echo (where A is amplitude, N is the noise floor, and ‘Range bins’ are the discrete samples of 
the return signal). (bottom) Time series of individual point high measurements before and after applying the scattering 880 
correction. The example shows Lake Vostok where GPS records show near-zero surface height change (Richter et al., 
2014). 
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Figure 2: Glacier Energy and Mass Balance Model (GEMB). The 1992—2017 mean (a) firn air content (FAC) 
and (b) surface mass balance (SMB) simulated by GEMB forced with ERA5 reanalysis data, accompanied by the 890 
corresponding simulated trends in (c) FAC and (d) SMB over the same period.  
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Figure 3: Decorrelation lengths for height, trend and acceleration. Example of spatial correlation functions (or 
covariance normalized) used to derive continuous fields for each ice shelf parameter, without imposing a (single) 905 
spatial resolution a priori to all components. Shown in this example are typical spatial scales for each quantity derived 
from satellite radar altimetry (with dense and homogeneous coverage) over the Ross Ice Shelf, constituting about 1/3 
of all surveyed ice shelf area. 
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Figure 4: Optimal Interpolation with correlated errors. Example of our spatial Optimal Interpolation approach 915 
(one timestep) where we account for the satellite along-track correlated errors. (top) Points along the same ground 
tracks share the same long-wavelength errors, producing a “track pattern” in the interpolated fields, which is the case 
in most standard interpolation approaches. (bottom) When correlated errors are accounted for (as off-diagonal 
elements in the error matrix) points sharing the same correlated errors are downweighed, producing a coherent spatial 
field. Example is north of 81.5S of the Ross Ice Shelf in Antarctica (approximately 800 km wide, horizontal scale in 920 
the figure). 
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Figure 5: Mean ice shelf velocity and changes in Amundsen ice flow. Reference ice velocity (left) and velocity 935 
change from 1996 to 2017 (right: Gardner et al., 2022) used in this study. Ice shelves with velocity changes (from top 
to bottom): Pine Island, Thwaites remnant, Thwaites calved, Crosson, and Dotson. 
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Figure 6: Amundsen Sea model domain at 3-km grid spacing. The Antarctic Continent is depicted in grey, ice 955 
shelf area for 1993 in white, and red contours the ice shelf extent in 2017. Contour lines of bathymetry from 500 m in 
500-m intervals are shown in black, and from 1000 m in 1000-m intervals in white. Note the slight distortion of the 
LLC grid from a true Latitude/Longitude grid, ensuring little deviation from an isotropic grid. The inset shows Pine 
Island, Thwaites, Crosson and Dorson ice shelves where grounding line and ice shelf front retreat is most prominent. 
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Figure 7: Control volume delineation for Getz Ice Shelf. Example of ice flowing into (red) and out (blue) of a 
control volume. For each ice shelf, we define a control volume as the largest hydrostatically floating area within 
previously published ice shelf outlines (Mouginot et al., 2017), which we buffer inward by 3 km. In this figure, white 
vectors show ice velocity from ITS_LIVE data and thin black lines show grounding lines compiled from InSAR 980 
measurements taken from 1994 to 2009 (Rignot et al., 2011). 
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 995 

Figure 8: Comparison of estimates from this study with previous work. Comparison of (left) Adusumilli et al. 
(2020) and (right) this study’s ice shelf basal melt estimates against a control-volume calculation of ice shelf mass 
change (line). The control volume is based on the input and output fluxes across the grounding line and ice front, mass 
gained or lost due to surface mass balance (top row), and ice loss due to anomalies in basal melt (bottom row). For 
this comparison, we only considered grid cells that are at least 90% hydrostatically compensated (near fully floating). 1000 
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Figure 9: Ice shelf thinning has slowed where basal melt rates are highest. Circum-Antarctic pattern of 
acceleration/deceleration in ice shelf thickness change rate (circles) and basal melt rate (field) for each ice shelf. Blue 
circles represent a decrease, on average, in the rate of thickness change. Inner circles represent the respective 
uncertainties. Numbers depict thickness change rate values in cm yr-2. All values are the 26-year means (1992—2017) 1010 
averaged over the respective ice shelf areas (values near the grounding lines for the ASE in Sup. Fig. 1). Values are 
rounded for visualization purposes (see mean values with respective uncertainties and original precision in Table 3; 
and spatial field at full resolution with corresponding error distribution in Sup. Fig. 5). Basal melt rates are displayed 
in logarithmic scale. Non-significant values are omitted from the plot.  
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 1020 

Figure 10: Slowdown in thinning is more pronounced where ice shelves are thicker. Panels (a) and (c): Ice shelf 
and grounded ice thinning rate (in meters of ice equivalent per year); Panels (b) and (d): Mean acceleration (positive 
values, red) and deceleration (negative values, blue) in ice shelf and grounded ice thinning. Values are the mean over 
the 26-year period. The color bars depict ice shelf values; for reference, grounded ice values are an order of magnitude 
smaller than ice shelf values. Calved areas shown (e.g., Wilkins, Pine Island and Thwaites ice shelf fronts) were 1025 
excluded in all calculations. 
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Figure 11: Thinning rates have slowed in most recent decade across ice shelves. [top] (left) Cumulative ice shelf 
thickness change for ice shelves with the highest losses in West Antarctica. (right) Respective rate of thickness change, 
with mean rate values for highlighted time intervals on each side (white/gray area). Ice shelf time series are averages 
over the area above the mean thickness value (i.e., the 50% thickest ice). Unsmoothed time series with error bars and 1035 
statistical significance of linear trends are shown in Sup. Fig. 1. [bottom]. The same as the top panels but a few 
kilometers upstream of the grounding lines of the respective ice shelves.  
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Figure 12: Time series of instantaneous rate of change in ice shelf thickness, unsmoothed with respective error 1040 
bars, least-squares trend and the associated statistical significance. A positive trend means deceleration in the thinning 
rate. 
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Figure 13: Thickness loss and slowdown in thinning are strongly correlated. Relationship between rates of ice 
shelf thinning and change in thinning rates around Antarctica. Only ice shelves with statistically significant 
acceleration (positive change) or deceleration (negative change) in thinning are displayed (30 ice shelves). Circle areas 
are proportional to the total meltwater produced (basal melt rate multiplied by ice shelf area), with Getz showing the 1050 
largest value. The regression line has a correlation coefficient of 𝜌 = -0.74 (𝜌 = -0.84 without Stange and Venable) 
with a p-value < 0.01. (All quantities with respective uncertainties are presented in Table 3)  

 
 
 1055 
 
 
 
 
 1060 
 
 
 
 
 1065 
 
 
 
 
 1070 



40  

 

Figure 14: Basal melt rates have abated around the Amundsen Sea. Time series with error bars of basal melt rate 
(in meters of ice equivalent per year) for the thickest portions of the ice shelves, i.e., the area with thickness above the 
mean thickness value. Trend line (acceleration/deceleration) is a least-squares fit with respective statistical 
significance. 1075 
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Figure 15: Satellite ice shelf thickness yields high-resolution modeled basal melt rates. Holding ocean 
temperatures constant at the “warm” conditions observed in 2017, modeled melt rates for ice shelf draft and front 1080 
positions corresponding to 1993 (A) and 2017 (B), show an overall reduction in melt rates (C) resulting from changes 
in ice shelf geometry alone (See Table 1). Results using “cold” ocean conditions of 1993 show a similar pattern, 
suggesting that the effects from changing ice shelf geometry occur regardless of changes in ocean temperature. 
Insignificant melt rate values (< 0.1 m yr-1) and non-overlapping areas between 1993 and 2017 are masked out (white).  
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Figure 16: Satellite derived thickness change field and associated error. Ice shelf thickness change rate (top) and 

associated error (bottom) from which basal melt rates are estimated. 1095 
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Draft   

Hydrography 

Cold (1993) Warm (2017) 

Deep (1993) DC 93/93 DW 93/17 

Shallow (2017) SC 17/93 SW 17/17 

 

Table 1: Model Simulation Abbreviations. The four model simulations are determined by the depth of the ice shelf 
draft (deep-1993 and shallow-2017) and the hydrographic properties on the continental shelf and in the ice shelf 
cavities (cold-1993 and warm-2017).  1100 
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Ice shelf Area (km2) Delta Thin Delta Div Delta SMB 
Div 

contrib 

SMB 

contrib 

Pine Island 6120 2.00 1.50 0.02 75% 1% 

Thwaites 1772 2.24 1.75 0.03 78% 1% 

Crosson 3331 4.93 1.05 0.03 21% 1% 

Dotson 5677 2.23 0.15 0.05 7% 2% 

 
 

Table 2: Contributions to change in thinning rate for major Amundsen Sea ice shelves (1992—2008 to 2009—
2017). Percentage contributions to the observed change in ice shelf thinning rate (Thin) from ice flux divergence 1115 
(Div), which includes ice advection and stretching (dynamic thinning), and surface mass balance (SMB). Units are 
meters of ice equivalent per year (m yr-1). Only ice shelves with consistent availability of time-evolving velocity 
(needed to estimate time-evolving divergence) are shown. These quantities depict the change in the mean values from 
1992—2008 to 2009—2017, averaged over the respective ice shelf areas. Note that if the averaging area is restricted 
to the thickest ice (i.e., areas close to the grounding lines), the contribution from basal melting is significantly larger 1120 
(see Figures 2 and 3). 
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Table 3: Antarctic ice shelf change mean values (1992—2017). Thinning rate, basal melting and thinning 
acceleration (in meters of ice equivalent per year) are the 26-year mean values averaged over the respective ice shelf 1130 
areas, excluding a 3-km buffer along the GLs and a 6-km buffer along the ice fronts. Area values shown (in squared 
km) refer to total ice-shelf area. Ice shelves smaller than 1 km2  have been excluded due to the resolution limitation of 
the satellite altimeters. 
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Compaction calibration 550 kg/m3 density horizon 830 kg/m3 density horizon 

Offset coefficient (b) 2.84 3.10 

Scale coefficient (m) -0.32 -0.37 

r2 0.21 0.64 

 

Table 4: Derived calibration offset and scale coefficients. Coefficients for firn compaction derived from calibration 
methods as described by Gardner et al. (2023), along with the correlation coefficient.  


