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Abstract The bathymetry under the Amery Ice Shelf steers the flow of ocean currents transporting ocean
heat, and thus is a prerequisite for precise modeling of ice-ocean interactions. However, hampered by thick ice,
direct observations of sub-ice-shelf bathymetry are rare, limiting our ability to quantify the evolution of this
sector and its future contribution to global mean sea level rise. We estimated the bathymetry of this region from
airborne gravity anomaly using simulated annealing. Unlike the current model which shows a comparatively
flat seafloor beneath the calving front, our estimation results reveal a 255-m-deep shoal at the western side and
a 1,050-m-deep trough at the eastern side, which are important topographic features controlling the ocean heat
transport into the sub-ice cavity. The new model also reveals previously unknown depressions and sills that are
critical to an improved modeling of the sub-ice-shelf ocean circulation and induced basal melting.

Plain Language Summary The ocean currents are strongly steered by the seafloor topography.
Therefore, the seafloor topography should be represented at fine resolution to study how the warm water melts
the ice shelf from below. However, the seafloor beneath the largest ice shelf in East Antarctica remains poorly
known, because the thick floating ice blocks direct bathymetric observations. We used gravity measured by
airplane to infer the shape of the seafloor beneath the floating ice. The gravity-inferred seafloor topography
model is substantially improved over the existing BedMachine Antarctica model, and reveals previously
unknown topographic features. The newly identified seafloor topographic features could improve our
knowledge about how much ocean heat enters the sub-ice cavity and how the ocean currents flow beneath the
ice shelf. With this knowledge, scientists could more accurately project the response of the Amery Ice Shelf to
ocean forcing and this region's future contribution to global mean sea level rise.

1. Introduction

The Amery Ice Shelf (AmIS) is the largest embayed ice shelf in East Antarctica. It is fed by the Lambert-Mel-
lor-Fisher tributary glacial systems on the southernmost grounding line, and by MacRobertson Land and Ameri-
can Highland on its flanks (Figure 1a; Mouginot et al., 2017a). The catchments feeding the AmIS drain about 1.4
million km? in area (including the AmIS; Mouginot et al., 2017b) and hold enough ice to raise sea level by 7.8 m
(Rignot et al., 2019). Recent studies (e.g., Depoorter et al., 2013; Pritchard et al., 2012; Rignot et al., 2013; Smith
et al., 2020) found that increased basal melting of ice shelves has contributed to almost half of Antarctic coastal
ice loss, through reduced buttressing of the glaciers feeding them. The southern AmIS has the deepest Antarctic
ice in contact with the ocean, making it particularly susceptible to ocean heat since the in-situ melting point of ice
decreases with increasing pressure. Sophisticated modeling of ice-ocean interactions (Galton-Fenzi et al., 2012;
Gong et al., 2014; Liu et al., 2017; Williams et al., 2001) is needed for a better understanding of this sector's future
evolution and its contribution to global mean sea level rise in a changing climate.

Seafloor topography steers the ocean circulation in the cavity under the AmIS (De Rydt et al., 2014), making it
a fundamental boundary condition for modeling the response of the AmIS to ocean forcing, where higher accu-
racy and resolution lead to improved model performance (Goldberg et al., 2020). Troughs that provide pathways
for warm modified Circumpolar Deep Water (mCDW) (Greenbaum et al., 2015; Liu et al., 2018; St-Laurent
et al., 2013) should be identified and resolved, as well as sills in the seabed that isolate ice shelf cavities from
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inflow (Rignot et al., 2016; Schaffer et al., 2020; Williams et al., 2001). However, traditional shipborne multi-
beam surveys are unavailable in regions covered by ice shelves. The seafloor topography under the AmIS, with
an area of ~60,500 km?, thus remains poorly known (Craven et al., 2004; Galton-Fenzi et al., 2008), limiting our
ability to accurately reproduce the pattern and intensity of ice shelf melt using ice-ocean models.

In 2015, China launched a campaign to survey East Antarctica with the “Snow Eagle 601 aerogeophysical
platform on which a gravimeter, radio-echo sounder, and laser altimeter are configured and integrated (Cui
et al., 2020). During the campaign, key north-south lines and dense east-west lines over the AmIS were flown
(Figure 1a). This study uses these data to estimate the bathymetry beneath the AmIS through a global optimiza-
tion method called simulated annealing and discusses the potential impact of the topographic features identified
in the new bathymetric model on the ocean circulation beneath the AmIS.

2. Data and Methods
2.1. Airborne Gravity

Airborne gravity was measured by the Polar Research Institute of China (PRIC) in January 2018 using the GT-2A
airborne gravimeter (e.g., Greenbaum et al., 2015) mounted on a BT-67 fixed-wing aircraft named Snow Eagle
601 (Cui et al., 2020). Survey altitude ranged from 103 to 2,351 m to maintain a nominal range of 600 m above
the surface on all flights. The airplane flew at speeds of about 300 km/hr with line spacing ranging from 11 to
26 km. The data acquisition rate of the gravimeter was set to 2 Hz. The raw gravity measurements were corrected
for the kinematic accelerations of the airplane and the Eo6tvos effects using carrier-based differential GPS. A
latitude correction, computed using the International Gravity Formula 1980, and a free-air correction, computed
using the second-order formula for the GRS80 ellipsoid (Hinze et al., 2013), were applied to yield free-air gravity
anomalies; note that this quantity is known as the “gravity disturbance” in geodesy literature (Hackney & Feath-
erstone, 2003). Next, the free-air gravity anomalies were filtered with a 150 s full-wavelength low-pass filter to
suppress noise, corresponding to an along-track resolution of 6.25 km. Data noise of the final gravity product was
1 mGal. Data gaps between flight lines were interpolated from the filtered gravity using a minimum curvature
method (Smith & Wessel, 1990).

2.2. Laser Altimeter and Ice-Penetrating Radar Data

The BT-67 airplane was equipped with a Riegl LD90-3800-HiP laser altimeter to measure the ice surface eleva-
tion (Figure 1b) and a phase-coherent ice-penetrating radar (Cui et al., 2020) to derive the ice bottom elevation
(Figure 1c) along the flight tracks. The crossover differences of the ice surface elevation data are —0.7 + 4.1 m.
The crossover differences of the ice bottom elevation data are —3.1 + 73.0 m. At places not covered by airplane
measurements, the ice surface and ice bottom elevations were obtained from the Reference Elevation Model of
Antarctica (REMA; Howat et al., 2019) and BedMachine Antarctica v2 (BMA; Morlighem et al., 2020), respec-
tively. The accuracy of the REMA elevation is better than 1 m while the accuracy of BMA elevation is about
100 m in this region. The geometry of the ice layer was used to forward compute the gravity anomalies due to the
ice layer and to define the upper search limit of the unknown seafloor topography. Bedrock elevations constrained
by ice-penetrating radar data were also used to estimate the regional gravity field (Section 2.4.2).

2.3. Hydrographic Data

To analyze the water masses abutting the AmIS, two hydrographic data sets are used in this study. The first con-
sists of Conductivity, Temperature, Depth (CTD) data along the calving front of the AmIS (see the solid yellow
circles in Figure 1a) collected from February 28, 2012, to March 4, 2012, during the 28th Chinese National
Antarctic Research Expedition (CHINARE). The second data set consists of a moored time series of temperature
and salinity recorded from February 2003 to February 2005 at the hot-water-drilled borehole AMO02 (see the
black pentagram in Figure 1a). The mooring data were obtained by the Amery Ice Shelf Ocean Research project
(Craven et al., 2004), which used a hot water drill to deploy CTD sensors to three depths (335, 556, and 761 m) to
acquire hydrographic data beneath the AmIS. The shallowest sensor is positioned 12 m below the ice shelf base.
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Figure 1. (a) Free-air gravity anomalies measured by Snow Eagle 601 (color coded using the upper color bar) overlain on a map of ice velocity from 2016 to 2017
(color coded using the lower color bar). The white lines above the gravity anomalies are contours with 30 mGal interval, and the thin black lines are flight trajectories.
The dashed black lines delineate drainage basins. The magenta lines represent the grounding lines. The thick black lines are the coast/calving front boundary. The
inset indicates the locations of the AmIS (magenta) and surrounding drainage basins (black). Solid yellow circles represent CTD stations. The black pentagram is the
borehole position. (b) Ice surface elevation measured by laser altimeter. (c) Ice bottom elevation derived from ice-penetrating radar measurements. These maps use the
polar stereographic projection with the true scale at 71°S, origin 90°S, 0°E. The reference ellipsoid is Hughes 1980.

2.4. Gravity Inversion

The measured gravity anomalies at flight altitude integrate the gravitational effects of the density difference be-
tween the seafloor topography and the overlying water and/or ice layers, the density variations within the shallow
subsurface, and the regional isostatic compensation (Watts, 2001) at the Mohorovicic discontinuity (Yang, Luo,
Tu, et al., 2020). The latter two effects are not due to the seafloor topography and should be removed prior to the
inversion. We assume a uniform bedrock density throughout this study, remove the gravitational effect of the ice
layer and the regional gravity field from the measured gravity anomalies, and use the remaining gravity anomaly
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to estimate the seafloor topography through the simulated annealing method (Ingber, 1989; Uzun et al., 2020) by
minimizing the difference between the remaining and the forward-computed gravity anomalies.

2.4.1. Forward Model

To forward compute the gravity anomaly from the geometry of mass layers, the volume of the study area was
discretized into adjacent right rectangular prisms (RRPs) with horizontal dimensions of 12 x 12 km? over the
ice shelf, and 500 x 500 m? everywhere else. The model domain contains three layers with densities of 0.917 g/
cm? for ice (Morlighem et al., 2020), 1.0277 g/cm? for ocean water, and 2.67 g/cm? for bedrock. The identity of
each prism was determined using the land classification mask inside the BMA model. The x and y coordinates
of the RRPs were known during discretization. The upper and lower boundary of an RRP represents one of the
following surfaces: Earth's surface, ice bottom, and seafloor. The elevation of the Earth's surface and the ice
bottom were obtained through data and methods described in Section 2.2. Seafloor topography directly beneath
the AmIS and covered by airborne gravity was treated as an unknown parameter to be estimated through simu-
lated annealing. Seafloor topography in areas not surveyed with the aircraft was interpolated from BMA. The
gravitational effect of one RRP can be computed using Nagy et al. (2000)'s formula. The gravity anomaly at each
computation point is the sum of the gravitational effect of the near zone prisms, that is, prisms within a horizonal
distance of 100 km from this point.

2.4.2. Removal of the Non-Terrain Effects

Ice shelves not in hydrostatic equilibrium and grounded ice produce gravity anomalies that are not generated by
seafloor topography (Cochran et al., 2014). Besides, the lithospheric plate flexes under various loads (e.g., moun-
tains), causing long-wavelength regional gravity anomalies (Watts, 2001). These non-terrain effects should be
removed from the gravity anomaly measurements prior to the inversion. The gravity anomalies at flight altitude
generated by the ice layer were computed using the RRP model described in Section 2.4.1. The regional gravity
was estimated using a technique frequently used in recent studies (An et al., 2019; Jordan et al., 2020; Millan
et al., 2020; Yang, Luo, & Tu, 2020) that could also partially account for density variations within the shallow
subsurface. That is, we calculate the difference between the measured and forward-computed gravity anomalies
over ice-free land where the surface elevation was constrained by REMA model (Howat et al., 2019) and over
grounded ice where the bedrock elevation was constrained by ice-penetrating radar data. Then this difference was
interpolated into areas without constraints using a minimum curvature method (Smith & Wessel, 1990) with the
results treated as the estimated regional gravity. The non-terrain effects, namely the gravity due to the ice layer
and the estimated regional gravity, were removed from the measured free-air gravity anomaly. The remaining
gravity anomaly (hereinafter referred to as pseudo-observed gravity anomaly) was used to estimate the seafloor
topography using simulated annealing.

2.4.3. Simulated Annealing

Simulated annealing is a stochastic search method useful for solving global optimization problems (Kirkpatrick
et al., 1983) and can be applied to nonlinear inversion problems with large dimensions. In the case of this study,
it iteratively searches over the parameter space of the unknown seafloor topography; the upper and lower search
limits are defined as the bottom of the ice layer and 1.5 km below the BMA-interpolated seafloor topography,
respectively. The gravity anomalies at flight altitude are forward computed from the seafloor topography and
compared with the pseudo-observed gravity anomalies in each iteration. The cost function, defined as the average
of the squared differences between the forward-computed and pseudo-observed gravity anomalies, is computed to
quantitatively evaluate their difference. During the iterations, the simulated annealing gradually converges to an
optimal seafloor topography that minimizes the cost function. Interested readers are referred to recent literature
(e.g., Yang et al., 2018) for an overview of the simulated annealing algorithm.

3. Results
3.1. New Bathymetric Model

The simulated annealing program was assigned 64 CPU cores from a supercomputer, ran for 3.3 h, and exited
after 1 x 107 iterations. During the iterations, the cost function decreases as the iteration number increases (Figure
Slain Supporting Information S1), dropping more than 2 orders of magnitude during the annealing process, and
reaching 4.28 mGal? at the end of the iteration. The mean and standard deviation of the differences between the
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Figure 2. (a) New seafloor topography inverted from airborne gravity anomalies (inside the yellow line) and bed elevation from BedMachine Antarctica v2 model
(outside the yellow line). Thin black lines are contours with 500 m interval. The yellow lines are grounding lines. The thick black lines are the coast/calving front
boundary. The black dashed lines delineate drainage basins. The yellow circles represent CTD measurements. Profiles along the magenta dashed lines b-b' and c-c' are
shown in (b) and (c), respectively. In the lower two panels, the light cyan layers are the ice shelf, the blue layer is ocean water, and the brown layer is bedrock. The red
dashed lines are the seafloor depths interpolated from the bed elevation in BedMachine Antarctica v2. All heights in this figure are meters above the EIGEN-6C4 geoid.

pseudo-observed gravity anomalies and the one forward computed from the gravity-estimated seafloor topog-
raphy (Figure S1b in Supporting Information S1) are —0.2 and 2.1 mGal, respectively. This gravity misfit and
the 1 mGal uncertainty in gravity data translate into a nominal root-mean-square error of 62 m in bed elevation
if we use a conversion factor of 5 mGal per 100 m of water (An et al., 2019; Constantino et al., 2020; Millan
et al., 2020). In comparison, the mean and standard deviation of the differences computed using the seafloor
topography in BMA model (Figure S1c in Supporting Information S1) are 6.9 and 17.5 mGal, respectively. Note
that the nominal accuracy of 62 m is a best-case value, provided the uniform bedrock density assumption holds.
The actual half-wavelength resolution of the seafloor topography as estimated from airborne gravity was 12 km,
but for consistency with BMA, the estimation result was interpolated onto a 500 X 500 m? grid using a cubic in-
terpolation algorithm (Yang, 1986). The new seafloor topography model estimated from pseudo-observed gravity
anomaly is shown in Figure 2a. It reveals topographic features smaller than those resolvable in previously pub-
lished models (e.g., BMA, Figure S2 in Supporting Information S1).
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The area from the calving front of the AmIS to 80 km inland features a 40-km-wide sill on the west and a 65-km-
wide trough on the east. The magenta dashed line c-c”in Figure 2a delineates the location of the bed profile shown
in Figure 2c that extends parallel to the calving front but lies 40 km further inland. The seafloor drops from 550 m
deep at point c to 830 m deep at km 10, indicating a 20 km wide trough on the westernmost side. The seafloor
becomes shallower eastward, until reaches a 255 m deep ridge at km 38. In the following 90 km, most of the sea-
floor depth ranges from 540 to 690 m. After km 125, the seafloor gradually deepens to more than 1,050 m over
the following 20 km and remains around this depth for about 20 km. Then the seafloor rises to 820 m deep at km
180, before shoaling again to 400 m at km 198.

As shown in profile b-b’ (Figure 2b), the bed slope beneath the AmIS generally deepens inland, with two small
sills present in the southern part. The seafloor depth around point b’ is 590 m. It deepens to the southwest, with
seafloor depths ranging between 1,010 m to 1,355 m in the following 130 km along b*b. After km 440, the sea-
floor deepens southward, reaching 1,900 m deep at km 310. Then it becomes shallower southward, until reaching
a 1,300 m deep sill at km 223. After km 223, the seafloor deepens gently to the south until reaching 2,565 m near
km 117 before a 15 km wide sill is found at a depth of 2,300 m near km 100. The seafloor then deepens sharply
to more than 3,700 m at the southernmost end.

3.2. Water Masses Arriving at the AmIS

The source of ocean heat to the AmIS is mCDW, carried by the alongshore Antarctic Slope Current (Whit-
worth et al., 1998) and entering this sector from the east through dynamic effects of key submarine troughs (Liu
et al., 2017, 2018). The ocean circulation beneath the AmIS has been modeled by several studies (e.g., Gal-
ton-Fenzi et al., 2012; Williams et al., 2001), which suggest a cyclonic circulation featuring inflow of shelf waters
in the east and outflow of Ice Shelf Water (ISW) in the west. Presenting an updated modeling of the sub-ice-shelf
ocean circulation and the associated basal melting based on the gravity-inferred bathymetric model is beyond the
scope of this study. In this section, we show the presence of ocean heat by analyzing the properties of the water
masses arriving at the AmIS. Then in Section 4, the potential impact of the topographic features identified in the
new bathymetric model on the ocean circulation beneath the AmIS is discussed.

Vertical sections of temperature and salinity (Figures 3a and 3b) derived from CTD measurements collected
during the 28th CHINARE are used to identify the water masses arriving at the calving front of the AmIS in the
austral summer. Warm Antarctic Surface Water (AASW, Liu et al., 2018) with temperature >—0.4°C and salinity
<34.3 psu is identified at the eastern flank of the calving front (km [2,241, 652] in Figure 2a), but is confined to
the upper layer (<150 m depth). Cold continental Shelf Water (SW, Liu et al., 2017) with temperature <—1.8°C
and salinity >34.4 psu occupies the majority of the water columns deeper than 200 m, with an exception at the
western flank where ISW with temperature lower than the surface freezing point of —1.89°C (Herraiz-Borreg-
uero et al., 2016) is identified at the layer right beneath the AASW. The ocean thermal forcing, defined as the
difference between the potential temperature and pressure-dependent freezing point (Morlighem et al., 2019), is
calculated (Figure 3c). Due to the rapid decline of the freezing point with depth (Fujino et al., 1974), the ocean
thermal forcing below 200 m increases with depth, reaching 0.8°C at 1 km depth. So, the observed SW is capable
of melting the deep ice and drives the formation of ISW. Since the seafloor beneath the AmIS deepens southward,
larger ocean thermal forcing is expected at the southern region of the AmIS (Yu et al., 2010).

The arrival of mCDW in austral winter is inferred from the moored time series of temperature and salinity at
the hot-water-drilled borehole AMO02, which have been analyzed by several studies (e.g., Herraiz-Borreguero
et al., 2015). These mooring records (Figures 3d and 3e) show seasonal variability due to changes in the inflow
of the water masses. In February, the layer adjacent to the uppermost sensor is occupied by cold ISW of simi-
lar characteristics to the ISW shown in Figure 3a. Starting from March, warm mCDW enters the AmIS cavity,
melts the ice shelf base, and drives the formation of ISW (Herraiz-Borreguero et al., 2015). The progressively
enhancing inflow of mCDW leads to warmer and fresher waters observed at the uppermost sensor at AM02.
The temperature peaks in June. Then it decreases as the inflow of mCDW is exhausted, until reaching the in-situ
freezing point of —2.14°C in September.
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Figure 3. (a) In-situ ocean temperature vertical section along the calving front of the AmIS derived from the CTDs shown in Figure 2a. The distance axis corresponds
to the slice going from west to east. CTD locations are indicated with white dashed lines. The black lines are contours with 0.2°C interval. The white area at the bottom
represents the seafloor. (b) Practical salinity vertical section overlaid by contours with 0.1 psu interval. (c) Profiles of ocean thermal forcing (the difference between the
potential temperature of the ocean and the freezing point of seawater). (d) In-situ temperature and (e) salinity time series at three depths derived from CTD moorings at
hot-water-drilled borehole AMO02 shown in Figure 1a. The thin lines in (d) and (e) are the unfiltered records while the overlying thick lines are records filtered through a
Gaussian low-pass filter with cutoff wavelength of 30 days.

4. Discussion
4.1. Topographic Steering of Ocean Currents

As emphasized by Williams et al. (2001) and Schodlok et al. (2016), the ocean circulation beneath the AmIS is
generally steered by the geometry of the sub-ice-shelf cavity. We calculated the thickness of the water column
(TWC) by subtracting the seafloor elevation from the ice bottom elevation derived from ice-penetrating radar.
Differences are found between the TWC computed using gravity-inferred seafloor topography and the one com-
puted using seafloor topography inside the BMA model (Figure 4). First, on the eastern flank near the calving
front (i.e., between km [2,080, 710] and km [2,200, 650]), Figure 4a shows a thicker water column, facilitating
the intrusion of mCDW. Bed profile c-c' in Figure 2c provides another perspective to the seafloor near the ice
front. It shows that the current BMA model presents a comparatively flat seafloor topography, whereas the grav-
ity-inferred seafloor topography reveals a trough at the eastern side and a ridge at the western side. As Wahlin
et al. (2020) found that the depth-independent (barotropic) component (typically the dominant component) of
the heat flow toward an ice shelf could be diverted by an abrupt change in the thickness of the water column at
ice shelf fronts, the newly identified ice front geometry has the potential to markedly change the heat flux en-
tering the sub-ice cavity in future modeling studies. Second, in the middle of the AmlIS, a thick water column is
identified over the western flank (Figure 4a), which is not shown in the BMA model (Figure 4b). Its location is
consistent with a S-shaped ice bottom fracture shown in Figure 1c that naturally extends from the southernmost to
the middle of the AmIS. This thick water column serving as water channel may lead to updated knowledge about
ocean current paths and associated ocean heat distribution. Near km [1,900, 715], the water column is thin, and
thus acts as a barrier controlling the southward flowing of seawater (Schaffer et al., 2020). Near km [1,870, 740]
and km [1,850, 700], Figure 4a does not show thick water columns as Figure 4b does. To the south of km 1,770,
the gravity-inferred seafloor is about 900 m deeper than the BMA model. These newly identified topographic
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Figure 4. The thickness of the water column in the sub-ice-shelf cavity. (a) Difference between the ice bottom elevation derived from ice-penetrating radar and the
seafloor topography estimated from airborne gravity. (b) Difference between the ice bottom elevation and the seafloor topography in BedMachine Antarctica v2 model.
The magenta lines delineate the boundary of the Amery Ice Shelf.

features are critical to an improved modeling of the ocean circulation and associated basal melting beneath the
AmIS (Galton-Fenzi et al., 2012; Liu et al., 2017; Schodlok et al., 2016).

5. Conclusions

The AmIS is the third-largest embayed ice shelf in Antarctica, buttressing the largest drainage basin in East
Antarctica with 7.8 m of sea level potential. Although it has been observed to be stable in recent years (King
et al., 2009; Tong et al., 2018), its southern region has the deepest Antarctic ice in contact with the ocean, making
it particularly susceptible to the warming trends in the seawater adjacent to Antarctica (Schmidtko et al., 2014;
Williams et al., 2002). To advance our understanding of its future contribution to global mean sea level rise in
a warming climate, it is necessary to numerically simulate and project the sub-ice-shelf ocean circulation and
the associated basal melting, which requires precise bathymetry as a boundary condition (Catania et al., 2018;
Fox-Kemper et al., 2021). However, direct observations of the seafloor depths are sparse beneath the AmIS. We
present a new seafloor topography map of this region indirectly inferred from dense airborne gravity anomalies
through simulated annealing. With a half-wavelength resolution of 12 km, the new bathymetric model reveals
topographic features that are not resolvable in previously published models such as BedMachine Antarctica v2,
which are critical to reliable estimates of the submarine melting processes (Jourdain et al., 2020). With the refined
seafloor topography model, we anticipate an improved performance in modeling the response of the AmIS to
ocean forcing.
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Figure S1. (a) The cost function decreases as the iteration number increases. (b)
Differences between the pseudo-observed gravity anomalies and the one forward
computed from the gravity-estimated seafloor topography. The white line is the
coast/calving front boundary. The thin magenta line is grounding line. The background
Landsat 8 image is acquired in January 2018. (c) Differences between the pseudo-
observed gravity anomalies and the one forward computed from bed elevations in
BedMachine Antarctica v2. (d) Differences between the gravity-estimated seafloor
topography and BedMachine Antarctica v2.
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Figure S2. Bed elevations (orthometric height in meters referred to the EIGEN-6C4
geoid) around the Amery ice shelf from BedMachine Antarctica v2 model. Thin black
lines are contours with 500 m interval.
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