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Abstract. Bathymetry beneath ice shelves in West Antarctica plays an important role in the delivery and circulation of warm

waters to the ice-shelf bottom and grounding line. Large-scale bathymetric estimates can only be inferred through inversion

of airborne gravity measurements. However, previous bathymetry inversions have not robustly quantified uncertainty in the

bathymetry due to assumptions inherent in the inversion, and typically only produce a single model, making it difficult to prop-

agate uncertainty into ocean and ice-sheet models. Previous inversions have sometimes considered uncertainties in bathymetry5

models due to background densities but have not quantified the uncertainty due to the non-uniqueness inherent in gravity and

geological variability below ice shelves. To address these issues, we develop a method to generate ensembles of bathymetry

models beneath the Crosson, Dotson, and Thwaites Eastern ice shelves with independent realizations of background density

and geological variability, represented through the Bouguer gravity disturbance. We sample the uncertainty in the unknown

geology below the ice shelves by interpolating the Bouguer disturbance using Sequential Gaussian Simulation. Each inver-10

sion is efficiently computed using a random walk Metropolis Markov Chain Monte Carlo approach which randomly updates

blocks of bathymetry and accepts or rejects updates. Our ensembles of bathymetry models differ from previous estimates of

bathymetry by hundreds of meters in some areas and show that the uncertainty in the Bouguer disturbance is the largest source

of uncertainty. The different bathymetry models in the ensembles can be used in oceanographic models to place better bounds

on sub-ice-shelf melting and future grounding line retreat.15

West Antarctica is experiencing rapid ice-shelf thinning and increases in ice velocity, driven largely by the delivery of warm

modified Circumpolar Deep Water (mCDW) to the ice-shelf bottom (Mouginot et al., 2014; Steig et al., 2012; Rignot et al.,

2014; Milillo et al., 2019; Rignot et al., 2024). The melt rate at the bottom of the ice shelves is controlled by the circulation

of water, which is in turn controlled by the shape of the sub-ice-shelf cavities (Seroussi et al., 2017; Steig et al., 2012). For

these reasons, knowledge about the geometry of the water column below the ice shelves, or the bathymetry, is critical to20

better projecting the future evolution of the ice shelves and the glaciers they buttress. Additionally, uncovering sub-ice-shelf

bathymetry can tell us about previous pinning points and patterns of destabilization (Tinto and Bell, 2011; Favier et al., 2012;

Docquier et al., 2014). Sub-ice-shelf bathymetry and subglacial topography impart an important control on grounding-line
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retreat and ice shelf thinning in West Antarctica. Thus, it is essential to produce accurate estimates of bathymetry and to

quantify the uncertainty of these estimates such that their influence on ice-sheet models can be better understood (MacKie25

et al., 2021).

Although the thickness of the ice shelves can easily be measured using Radio Echo Sounding (RES) (e.g., Schroeder, 2023),

measuring the depth of the seafloor beneath the ice shelves remains difficult because radio waves cannot penetrate the seawater

column. Other measurement methods, such as seismic sounding and underwater autonomous or remotely operated vehicles,

remain costly and sparse in practice (e.g., Muto et al., 2016; Schmidt et al., 2023). For these reasons, the primary instruments30

used to infer sub-ice-shelf bathymetry are airborne gravity systems, which allow for rapid data acquisition over large areas.

Airborne gravimeters measure the acceleration due to gravity and are processed into gravity anomalies that reflect density

anomalies in the subsurface (Blakely, 1995).

Airborne gravity surveys can cover hundreds of square kilometers with flight line spacing typically greater than 5 km and

flight altitudes typically less than 500 m above the surface (e.g., Tinto et al., 2010; Jordan et al., 2020b). Gravity inversions35

seek to infer the distributions of densities which give rise to the observed gravity disturbances (Blakely, 1995). The large

density contrast between rock and water and proximity to the sensor means that large-scale variations in seafloor topography

produce a significant signal. However, gravity inversions are fundamentally non-unique, meaning that there are many different

density contrasts and bed geometries which could reproduce the observed gravity disturbances (Blakely, 1995). Because of

this, it has been typical to fix the density of rock volumes in the model and invert only for the bathymetric surface (e.g.,40

Tinto and Bell, 2011; Jordan et al., 2020b). Even with fixed densities, the non-uniqueness of the problem is such that multiple

bathymetry models can reproduce the gravity data within the measurement uncertainty. For example, a sub-ice-shelf cavity

could be deeper with a greater bedrock density, or the cavity could be shallower with a lower bedrock density (Brisbourne

et al., 2014). Additionally, one small area could be shallower, and an adjacent area could be deeper and produce the same

gravity disturbance.45

The gravity disturbance, �g, is the gravity signal (g(p)) after the removal of the gravitational acceleration of a rotating

ellipsoid calculated at the measurement location (
(p)). This is shown in Equation 1, where p is the measurement location. The

Bouguer disturbance reflects the gravity due to crustal density anomalies, crustal thickness and mantle density. The Bouguer

disturbance is calculated by subtracting the terrain effect, the forward modeled gravity due to topography, from the gravity

disturbance (Equation 2).50

�g(p) = g(p)� 
(p) (1)

gcb(p) = �g� gterrain(p) (2)

A fundamental issue in sub-ice-shelf gravity inversions is that in order to isolate a terrain effect, which is the target of the

optimization procedure, the complete Bouguer disturbance must be known. However, the Bouguer disturbance, sometimes
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called the non-terrain effect, relies on an accurate terrain effect to be calculated and thus must be interpolated between sparse55

constrains on the bed geometry (Equation 3). This is shown in Figure 1 and can be represented in the following equation, where

the interpolated Bouguer disturbance is ĝcb and the resulting target terrain effect is ĝterrain:

ĝterrain(p) = �g(p)� ĝcb(p) (3)
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Figure 1. Schematic showing how the gravity disturbance can be decomposed into the terrain effect and Bouguer disturbance (Equation 2).

The terrain effect that is the target of the inversion requires the interpolation of the Bouguer disturbance, introducing uncertainty (Equation

3).

Some studies have referred to this process as pinning the model to known bed constraints, and when a DC shift is used, the

approach has been called the topographic shift method (Jordan et al., 2020b; Hodgson et al., 2019; Tinto et al., 2015; Boghosian60

et al., 2015; Charrassin et al., 2025; An et al., 2019). This process entails forward modeling the gravity due to ice, water, and

rock (the terrain effect) using an initial model, and interpolating the difference between the gravity disturbance and terrain effect

(the complete Bouguer disturbance) conditioned on where the bedrock topography is well constrained. This interpolation is

typically done with a spline or similar deterministic interpolation (Jordan et al., 2020b; An et al., 2019), or sometimes a

constant offset (Millan et al., 2017; Tinto and Bell, 2011). The interpolated Bouguer disturbance is then subtracted from the65
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gravity disturbance and the resulting terrain effect is used as the target of the inversion (Equation 3). The fundamental issue

facing sub-ice-shelf bathymetry inversions is that neither the terrain effect nor the Bouguer disturbance are known at the ice

shelves, and the non-uniqueness between the two is such that the interpolation of the Bouguer disturbance can result in large

errors (Brisbourne et al., 2014). As such, the deterministic interpolations previously employed place strong assumptions on the

sub-ice-shelf geology and result in an inadequate representation of uncertainty. In this paper, we will discuss how geostatistical70

interpolations of the Bouguer disturbance conditioned on areas of unknown bed elevation can be used to incorporate the

uncertainty in sub-ice-shelf geology into the bathymetry uncertainty.

Previous gravity inversions in the ASE have quanti�ed uncertainty in various ways. Tinto and Bell (2011) modeled multiple

gravity lines in 2D and assessed the uncertainty using the gravity measurement uncertainty and by varying the background

density, resulting in an uncertainty estimate of 70 m. Millan et al. (2017) used an iterative inversion method and assessed75

the uncertainty using the mis�t between the observed and modeled data and rates of convergence, resulting in an uncertainty

estimate of 50 to 65 m. Jordan et al. (2020b) provided the most recent bathymetry inversion in the ASE using the topographic

shift method and estimated uncertainty by holding out a portion of the gravity data, resulting in a 100 m uncertainty. Each of

these studies produced a single deterministic bathymetry estimate and single values or ranges for uncertainty estimates. The

lack of multiple inversion results and spatial uncertainty means that it is dif�cult to propagate the uncertainty to ocean or ice80

sheet models.

Some studies have produced spatially variable uncertainty maps for sub-ice-shelf bathymetry. Muto et al. (2016) used Very

Fast Simulated Annealing (VFSA), a variant of simulated annealing, to invert for sub-ice-shelf bathymetry at Pine Island

Glacier (PIG) in the ASE and Roy et al. (2005) used VFSA to invert for the subglacial-lake geometry of Lake Vostok. VFSA is

a global optimization method similar to Markov Chain Monte Carlo (MCMC), in which proposed updates to model parameters85

are accepted or rejected using a criterion based on how well the forward-modeled data �ts the observed data (Ingber, 1989;

Sen and Stoffa, 2013). Both studies inverted for basement and sediment thickness geometry simultaneously and provided

uncertainty bounds for both. However, these uncertainty bounds are not directly useful because the bathymetry and sediment

thickness are non-unique. Without realizations of the bathymetry and sediment thickness, the uncertainty cannot be propagated

into ice-sheet and ocean models. Recently, Charrassin et al. (2025) produced new bathymetry maps for ice shelves around90

Antarctica using the topographic shift method of An et al. (2019). Their work produced a spatially variable uncertainty map

based on the mis�t between the forward modeled and observed gravity using a conversion of 5.8 mGal per hundred meters of

bathymetry. The authors also quanti�ed uncertainty by holding out sonar and seismic data. However, this recent bathymetry

compilation produced only a single estimate of bathymetry for each domain (Charrassin et al., 2025). Each of these studies used

deterministic interpolations of the Bouguer disturbance and did not produce model realizations that can be used to propagate95

the uncertainty in bathymetry into ocean or ice sheet model. As such, there is a critical need for an inversion framework that

interrogates the uncertain interpolation of the Bouguer disturbance and produces an ensemble of bathymetry realizations.

The uncertainty of bathymetry across space can be captured through an ensemble of model realizations from a stochastic

process. The importance of ensembles of stochastically simulated subglacial topography for uncertainty quanti�cation has al-

ready been demonstrated. For example, MacKie et al. (2020) showed that different realizations of geostatistically simulated bed100
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topography can produce different spatial distributions of subglacial lakes. Similarly, MacKie et al. (2021) demonstrated that

subglacial water routing pathways are sensitive to slight topography variations that result from geologically realistic simula-

tion of bed topography. Finally, Wernecke et al. (2022) showed how an ensemble of geostatistically simulated bed topographies

could be used to propagate topographic uncertainty to uncertainty in future sea-level contributions from Pine Island Glacier.

Each of these examples demonstrate how realizations of a stochastic processes which honor the spatial statistics of the underly-105

ing conditioning data enable more robust uncertainty quanti�cation of ice-sheet processes. Previous bathymetry inversions have

lacked a stochastic inversion process which would enable such generation of bathymetry realizations and rigorous uncertainty

quanti�cation.

MCMC has long been used to quantify uncertainty in geophysical inverse problems (e.g., Wei et al., 2024; Ghalenoei et al.,

2021; Liang et al., 2022). The general strategy of MCMC is to move throughout a parameter space by proposing moves to110

new model parameters and accepting these moves with a probability based on the �t between the observed and forward-

modeled data. For example, Fu and Gómez-Hernández (2009) used MCMC to sample a hydraulic-conductivity �eld inversely

conditioned on hydraulic-state data. MCMC has been used extensively in seismic inversions of reservoir properties. See Grana

et al. (2022) for an extensive review. Wang et al. (2023) used MCMC and explicit and implicit surface perturbations to invert

for a variety of geological interfaces. The bene�ts of these sampling approaches are that only a forward model and some115

mechanism to propose new models are required. These approaches are becoming more popular because of their ability to solve

inverse problems by generating samples from a posterior distribution such that uncertainty can be quanti�ed with an ensemble

of model realizations while honoring conditioning data. As such, an MCMC approach could be used to sample solutions to the

gravity inverse problem while honoring gravity constraints.

Up to this point, previous gravity inversions have not provided robust uncertainty quanti�cation, making it dif�cult to prop-120

agate the uncertainty in bathymetry to ice-shelf-melt processes (Jordan et al., 2020b; Tinto and Bell, 2011; Millan et al., 2017).

In order to �ll this need, we developed a stochastic inversion approach which leverages geostatistical simulation to interrogate

the assumptions inherent in the inversion while providing models ready for input into ocean and ice-sheet models such that

the uncertainty can be propagated to ice sheet and ocean processes. We generate three different ensembles of bathymetry mod-

els that sample the uncertainty in the inversion in different ways, allowing for comparison of the sources of uncertainty. The125

�rst ensemble includes sampling of the background density and geostatistical interpolation of the Bouguer disturbance. The

second ensemble uses a constant background density and geostatistical interpolation of the Bouguer disturbance, and the �nal

ensemble uses a constant background density and a deterministic interpolation of the Bouguer disturbance. The geostatistical

interpolation uses Sequential Gaussian Simulation (SGS) to generate realizations of the Bouguer disturbance, representing dif-

ferent versions of sub-ice-shelf geological variability. We perform each inversion using a modi�ed Random Walk Metropolis130

MCMC algorithm that converges to a bathymetry model by randomly updating blocks of the bathymetry. These ensembles of

bathymetry models represent the most robust quanti�cation of uncertainty in sub-ice-shelf bathymetry inversions to date and

are ready to be used in ocean and ice-sheet models. We also discuss the differences between our ensembles and previous esti-

mates, and the possibilities that our ensembles present for better understanding basal melt processes, future ice sheet melting,

and ice-sheet history.135
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