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Abstract12

Antarctic ice shelves are losing mass at drastically different rates, primarily due to melt-13

ing by relatively warm Circumpolar Deep Water (CDW). Previous studies have identi-14

fied seafloor bathymetry as a key obstacle to CDW intrusions across the continental shelf15

and beneath ice shelves, but a generalized theory for geometrically-influenced ice melt16

is lacking. This study proposes such a theory based on geostrophically-constrained CDW17

inflow, combined with a threshold bathymetric elevation that obstructs CDW access to18

ice shelf grounding lines, referred to as the Highest Unconnected isoBath (HUB). This19

theory captures 90% of the variance in melt rates across a suite of process-oriented ocean/ice20

shelf simulations with various quasi-randomized geometries. Applied to observed ice shelf21

geometries and offshore hydrography, the theory captures > 80% of the variance in mea-22

sured ice shelf melt rates. These findings provide a generalized theoretical framework for23

melt resulting from buoyancy-driven CDW access to geometrically complex Antarctic24

ice shelf cavities.25

Plain Language Summary26

The floating extensions of Antarctic glaciers (“ice shelves”) are losing ice at dras-27

tically different rates. A large component of this ice loss is due to melting from below28

by relatively warm ocean waters, which typically lie hundreds of meters below the sur-29

face. Previous studies have attempted to derive generalized relationships between oceanic30

conditions and rates of ice shelf melt. However, these relationships struggle to capture31

the variations in ice shelf melt around Antarctica, in part because but they do not ac-32

count for obstruction of warm water access by complex variations in the shape of the seafloor.33

In this study we introduce a new theory for the rate at which warm waters access Antarc-34

tica’s ice shelves. This theory is grounded in the assumption that the ocean flow beneath35

cavities is dominated by the rotation of the earth, and utilizes a novel quantification of36

seafloor obstruction of warm water inflows. We show that this theory is successful at pre-37

dicting melt in computer simulations of ice shelves of different shapes, and in observa-38

tions of real ice shelves. This work provides a general theoretical grounding for melt re-39

sulting from warm subsurface waters flowing underneath Antarctic ice shelves.40

1 Introduction41

The mass loss of Antarctic ice shelves has been accelerating for the past four decades42

(Paolo et al., 2015; Shepherd et al., 2018). This mass loss has been attributed to the basal43

melt on the underside of floating ice shelves, which is driven by oceanic heat fluxes (Shepherd44

et al., 2004; Pritchard et al., 2012). The most vigorous basal melt in the Antarctic comes45

from the intrusion of a subsurface warm water mass called Circumpolar Deep Water (CDW)46

into ice shelf cavities (Jacobs et al., 1996; Jenkins et al., 2010; Nakayama et al., 2019;47

Rignot et al., 2019). The depth and temperature of CDW vary around Antarctica (Schmidtko48

et al., 2014). Ice shelves with shallower CDW and deep troughs tend to have higher melt49

(Nitsche et al., 2017). Fig. 1 illustrates this point via the temperature offshore at 500m50

depth, the depth of the continental shelf at locations shallower than 500m, and ice shelf51

melt rates from Adusumilli et al. (2020).52

There are various controls on the supply of CDW from the open ocean to the con-53

tinental shelf. Wind stresses over the continental slope lead to cross-slope Ekman trans-54

port that has been linked to variability of CDW heat fluxes across and along the shelf55

in observations (Assmann et al., 2013) and models (Spence et al., 2014; Thoma et al.,56

2008; Dotto et al., 2020; Tamsitt et al., 2021). Wind forcing over the continental shelf57

can also lead to vigorous deep mixing which erodes the thickness of CDW on the shelf58

(Caillet et al., 2023; Moorman et al., 2023). Surface buoyancy losses, for example due59

to sea ice formation in coastal polynyas, are also able to erode the thickness of CDW across60

the shelf by deepening the mixed layer (Webber et al., 2017; Caillet et al., 2023). In some61
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Figure 1. World Ocean Atlas (Boyer et al., 2018) temperatures at a depth of 500m are plot-

ted for locations with a depth greater than 1500m. The bathymetry of the continental shelf from

BedMachine2 (Morlighem, 2020) is plotted for depths shallower than 1500m in regions that are

not covered by ice shelves. Where there are ice shelves, the satellite derived basal melt rate from

Adusumilli et al. (2020) is plotted.
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regions these polynyas produce High Salinity Shelf Water (Nicholls et al., 2009) that fills62

the ice shelf cavities, blocking the intrusion of CDW (Hellmer et al., 2017; Hazel & Stew-63

art, 2020). In other regions, precipitation onto the ocean in front of the ice shelves can64

enhance stratification and lead to more lateral transport of CDW to ice shelf faces (Flexas65

et al., 2022).66

Among the various influences on CDW intrusions, previous studies have consistently67

emphasized the role of bathymetry (Klinck & Dinniman, 2010; Heimbach & Losch, 2012;68

Nakayama et al., 2019). In particular, deep troughs have been shown to allow CDW to69

flow mostly unimpeded from offshore into ice shelf cavities in models (Schodlok et al.,70

2012; St-Laurent et al., 2013; Haigh et al., 2023) and in observations (Assmann et al.,71

2013; Rintoul et al., 2016). Modeling studies have similarly shown that raising CDW above72

the height of the main bathymetric obstacles is a necessary condition for pushing cold73

shelves like the Filchner-Ronne from a low-melt state to a high-melt state (Daae et al.,74

2020; Hazel & Stewart, 2020).75

While many previous studies have offered insight into the dynamics of the circu-76

lation of CDW in ice shelf cavities and the resulting melt, there is still a need for param-77

eterizations and theories that accurately encapsulate the salient influences on CDW in-78

flow and melt. Previous studies have found the circulation inside the cavity itself is buoyancy-79

driven (Walker et al., 2007; Wåhlin et al., 2010; De Rydt et al., 2014; Morrison et al.,80

2020; Zhao et al., 2019). There have been attempts to link the net melt rate of ice shelves81

to the bulk properties of the CDW layer and ice shelf cavity geometry (Holland et al.,82

2008; Little et al., 2009; Lazeroms et al., 2018). Burgard et al. (2022) evaluated exist-83

ing basal melt parameterizations in a regional model that included ice shelves and found84

that the parameterizations error was often on the order of the signal. Lazeroms et al.85

(2018) found that a plume-based melt parameterization could approximately replicate86

the observed spatial patterns of ice shelf melt, but only with the aid of a tuning param-87

eter that was specific to each ice shelf. Thus it remains unclear to what extent the buoyancy-88

driven circulation theory extends outside the cavity to the circulation across the conti-89

nental shelf, and if it generalizes to geometrically complex continental shelves and ice90

shelf cavities.91

In this study we will present a new dynamical framework which determines heat92

flux into ice shelf cavities based on a geostrophic constraint on the CDW transport (Sec-93

tion 2). This allows us to predict the average ice shelf melt rate from the hydrographic94

conditions outside of an ice shelf cavity. We combine this theory with a novel quantifi-95

cation of the bathymetric obstruction of CDW access, referred to as the Highest Uncon-96

nected isoBath (HUB, Section 3). We then test our theory against a suite of idealized97

models simulations (Section 4) and against observed ice shelf melt rates (Section 5).98

2 Geostrophically constrained CDW heat flux into ice shelf cavities99

In this section we will formulate a theoretical framework for estimating ice shelf100

cavity melt based on the external hydrography and cavity geometry. Our theory is grounded101

in the same physical principle as that of Zhao et al. (2019): that the geostrophic trans-102

port of CDW parallel to the grounding line is redirected inwards into the cavity by a bound-103

ary current, and thus is directly related to the heat transport toward the grounding line.104

This is analogous to previous scaling theories for buoyancy-driven circulation in enclosed105

basins in the open ocean (Gnanadesikan, 1999; Nikurashin & Vallis, 2012; Youngs et al.,106

2020). Our theory contrasts with previous parameterizations (e.g. Holland et al., 2008;107

Lazeroms et al., 2018; Pelle et al., 2019) based on processes occurring in the ice-ocean108

boundary layer; this is discussed further in Section 6.109

To formulate our theory, we idealize the ice shelf cavity circulation as a two-layer110

flow, comprised of fresh cold layer overlying above a warm salty layer (Fig. 2(b)). As-111
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Figure 2. (a) A schematic representation of the highest unconnected isobath (HUB; see Sec-

tion 3) in two dimensions. All points colored green underneath the ice shelf colored share the

same HUB depth of zHUB; we posit that CDW must be shallower than this in order to access

the region indicated by the green curve along the seafloor, and thus melt the ice shelf. (b) An

illustration of the proposed watermass structure which is assumed by the theory presented in 2.

(c) A map of the bathymetry of the Filchner-Ronne ice shelf (FRIS). Regions with grounded ice

are filled in black. The green contour (z=-605m) is closed, meaning that for water from the open

ocean to reach grounding line points at the southern end of the FRIS, they must rise shallower

than z=-605m. The red contour (z=-600m) is open, meaning that this is the shallowest depth

that CDW must reach in order to access the southern grounding line points of the FRIS. This

means the HUB depth for the FRIS is z=-600m (note that the resolution of our HUB depth

calculation is 5m).
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suming vertically uniform flow in each layer, the cross-cavity geostrophic flow of CDW112

may then be formulated as113

T =

∫
dy uCDWhCDW ∼

∫
dy

g′in
f

sCDWhCDW, (1)114

where y is an along-cavity coordinate, hCDW is the thickness of the CDW layer, and uCDW115

is the cross-cavity CDW velocity. Here we have scaled the cross-cavity flow by the geostrophic116

shear, i.e. uCDW ∼ (g′in/|f |)sCDW, where sCDW is the slope of the isopycnal interface117

between CDW and the overlying waters, f is the Coriolis parameter, and g′in = g(σCDW−118

σsurf)/ρ0 is the reduced gravity. To further simplify (1) we assume that the interface be-119

tween the two density layers approximately follows the shape of the ice draft, i.e. sCDW ∼120

sice, due to melting and mixing processes at the ice-ocean boundary (see Fig. 2a and Sec-121

tion 4). Taking L to be a representative distance from the grounding line to the ice front,122

we scale (1) as123

T ∼ g′in
|f |

siceHCDWL. (2)124

Here HCDW is a representative CDW layer thickness, which we assume to be constrained125

by bathymetry between the grounding line and the continental shelf break (see Fig. 2126

and Section 3).127

To estimate the amount of melt which occurs due to this inflow of CDW, we as-128

sume (i) that the net transport of CDW into the cavity is balanced by return flow of freezing-129

temperature meltwater, and (ii) that the net advective heat transport into the cavity is130

balanced by heat lost to the ice shelf via melting. The latter assumption holds provided131

that the cavity is in steady state, i.e., over time scales much longer than the cavity flush-132

ing time scale (Holland, 2017). This heat balance can be expressed as133

ρiIf ṁWL ∼ ρ0CpT (θCDW − θsurf) (3)134

where W is the cross-cavity width, ṁ is the melt rate per unit area, Cp is the specific135

heat capacity of seawater, ρ0 is a reference ocean density, ρi is the reference density of136

ice, If is the latent heat of melting, θCDW is the temperature of the CDW, and θsurf is137

the surface freezing temperature. Substituting (1) into (3) and rearranging leads to the138

following scaling for the area-averaged melt rate,139

ṁpred ≡ αg′inρ0Cp

|f |ρiIfW
siceHCDW(θCDW − θsurf), (4)140

where α is a non-dimensional scaling parameter.141

A shortcoming of this scaling is that in cavities with realistic geometries, the length142

L and width W are ambiguous. However, in our model simulations (in which the ice shelf143

cavity does have well-defined dimensions; see Section 4) we find that the stratification144

in the interior of the cavity varies approximately linearly with width, i.e. g′in/W ∼ g′out/W0,145

where W0 ≈ 100 km is a constant reference width and g′out is the reduced gravity out-146

side the cavity. This relationship yields a predicted area-averaged melt rate that is in-147

dependent of both the cavity width and length, consistent with the findings of Little et148

al. (2009),149

ṁpred =
αg′outρ0Cp

|f |ρiIfW0
siceHCDW(θCDW − θsurf) = CHCDW

g′outsice
|f |

(θCDW − θsurf). (5)150

In the last equality of (5) we have contracted all constant parameters into a single con-151

stant of proportionality C. Note that Eq. (5) relates the area-averaged melt rate to quan-152

tities derived either from the stratification external to the cavity (θCDW − θsurf, g
′
out),153

the geometry of the cavity (sice) or a combination of the two (HCDW), and thus serves154

as our theory for ice shelf melt rates.155
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3 Quantifying bathymetric obstructions to CDW inflows: the High-156

est Unconnected isoBath (HUB)157

To apply our theory from the previous section in three dimensions we must calcu-158

late the thickness of the CDW layer (HCDW ), and the temperature of the CDW (θCDW )159

at the entrance of the cavity in complex three-dimensional geometries. Because previ-160

ous studies have shown that the deepest entry points to ice shelf cavities play an impor-161

tant role in transporting heat (e.g. Walker et al., 2007; St-Laurent et al., 2013), it is cru-162

cial that our estimates of CDW thickness and temperature account for these deepest en-163

try points.164

To generalize this concept across all Antarctic ice shelves, we formulate a new met-165

ric called the Highest Unconnected isoBath (HUB), which may be defined for any ref-166

erence location on the continental shelf. Conceptually, the HUB may be understood as167

follows: Consider an ocean that is completely drained of its water, and then slowly fills168

from its deepest point in such a way that the water is always approximately stationary169

and in gravitational equilibrium. For any given reference location on the continental shelf,170

the HUB is defined as the elevation that the water must rise to in order for the refer-171

ence location to be immersed. This can be captured in a precise topological definition172

which we provide in the Supporting Information.173

Fig. 2(a) provides a two-dimensional visualization of the HUB concept. In this ex-174

ample, all points along the continental shelf highlighted in green share the same HUB,175

corresponding to the elevation zHUB. That is, CDW must rise to an elevation of at least176

zHUB in order to reach any of the points highlighted in green. For a real world exam-177

ple, we return to the case of the Filchner-Ronne ice shelf; Fig. 2(c) shows the HUB for178

a reference location situated at the ice shelf grounding line. This reference location has179

a HUB of around 600m, which means that CDW would need rise to an elevation of at180

least 600m in order to reach the reference location from offshore.181

4 Predicting melt in idealized ice shelf cavity simulations182

To test our theory for the warm water inflow (Section 2), we conduct idealized ocean-183

ice shelf simulations of warm water inflows that span a wide range of cavity geometries184

and offshore hydrographies (see Fig. 3). Our simulations utilize the MIT general circu-185

lation model (Marshall, Adcroft, et al., 1997; Marshall, Hill, et al., 1997) to evolve the186

state and circulation of the ocean resulting from the the ocean’s thermodynamic and me-187

chanical interactions with a static ice shelf (Losch, 2008). To focus on the buoyancy-driven188

inflow of CDW, we omit other drivers of ocean circulation such as sea ice, tides, and at-189

mospheric forcing. Instead, we prescribe an analytical profile of potential temperature190

and salinity at the northern and eastern boundaries of the model domain (see Fig. 3(b)191

and the Supporting Information), motivated by climatological observations around Antarc-192

tica (Boyer et al., 2018).193

We illustrate the geometry and forcing of a selected reference case in Fig. 3(a). In194

this case the ice shelf has geometric dimensions resembling ice shelves in the Amundsen195

Sea embayment (Morlighem, 2020), being approximately 150km long and 100km wide,196

with an ice front depth of 250m and a grounding line depth of 1000m. The ice shelf slope197

is linear, and equal to sice = 0.005 in the reference case. The ice shelf is set in an ide-198

alized bathymetric embayment adjacent to an idealized continental slope. For all cases199

but the reference case we add pseudo-random noise to the shape of the sea floor, with200

a peak wavelength of 62.5km that is similar magnitude to the width of troughs in the201

Amundsen (Walker et al., 2007; Dinniman et al., 2011). The random noise is scaled by202

the water column height (before the random noise is applied) in order to prevent the bathy-203

metric variations from closing off the grounding line. In our reference case, the HUB is204

approximately 480m.205
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(d)(c)

(b)(a)

HHUB

Hpyc

Figure 3. (a) Reference run (ref) model geometry with bathymetry in brown, shelf ice in

blue, and boundary thermal forcing colored along the eastern edge of the model domain. (b)

Time average cross section of temperature from model run in the same geometry. (c) Linear

regression of predicted melts from Eq. 5 against diagnosed area- and time-averaged melt rates

across out suite of model simulations. Experiments with the same marker and color have the

same model geometry, but varying offshore CDW depths. (d) Depth of 0.5 °C isotherm is plot-

ted in the background with white arrows denoting the time average horizontal velocity on that

isotherm. The HUB corresponding to the grounding line of this model geometry is shown in red

dotted line.
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We conduct a series of experiments with different ice shelf/bathymetric geometries206

by varying the continental shelf slope, the ice shelf slope, the cavity width and the ex-207

tent of the ice shelf front. A full list of the model geometries used in this study is given208

in the Supporting Information. For each different ice shelf geometry, we conduct three209

simulations in which we vary the depth of the subsurface temperature maximum such210

that it lies 300m deeper than, at the same depth as, and 125m shallower than the HUB.211

In all experiments we use a horizontal grid spacing of 2km horizontal to ensure adequate212

resolution of mesoscale eddies (St-Laurent et al., 2013; Stewart & Thompson, 2016), al-213

though inspection of the instantaneous flow fields suggests that the flow is not in a strongly214

eddying regime. We use a vertical grid consisting of 91 geopotential levels, with spac-215

ings varying smoothly from 2m at the surface to 200m at the sea floor, with a vertical216

spacing of approximately 20m at the depth of the ice shelf grounding line (De Rydt et217

al., 2014). All simulations reach a quasi-steady state by 2.5 years of integration, and are218

then run for a further 7.5 years for analysis.219

We calculate the geostrophically-constrained inflow Eq. 5 in each simulation us-220

ing the parameters that define the model’s offshore hydrography and cavity geometry.221

We calculate HCDW by subtracting the HUB from the elevation of the pycnocline depth.222

The ice slope sice is a determined by depth of the ice shelf front, the grounding line depth223

and the ice shelf front extent. We define the CDW temperature θCDW as the temper-224

ature on our prescribed offshore hydrographic profile at the depth of the HUB. Finally,225

we determine the coefficient C (and thus α) via linear regression using the diagnosed area-226

averaged melt rates across our entire suite of simulations. This yields α = 0.29.227

To evaluate our theory, we compare the predicted (ṁpred) and diagnosed (ṁmodel)228

area-averaged ice shelf melt rates in Fig. 5(c). We find that the predicted melt rate ex-229

plains ∼ 90% of the variance in melt rate as diagnosed by the model. Experiments with230

the same geometry (which have the same marker shape/color in Fig. 5(c)) exhibit in-231

creasing predicted and diagnosed melt rates in simulations with higher offshore CDW.232

This indicates that our theory is successfully capturing the leading order dynamics of233

warm water inflows in this idealized model.234

5 Predicting observed ice shelf melt rates235

The parameterization from Section 2 is able to accurately predict melt in a geo-236

metrically simple model designed to isolate the dynamics of warm water inflows (Sec-237

tion 4). We now formulate and test our theoretical prediction of warm water inflows and238

melt in observed shelf cavity environments. We draw on observations of near-Antarctic239

hydrography, as sythesized in the World Ocean Atlas 2018 (Boyer et al., 2018) annual240

climatology, and on satellite-derived estimates of ice shelf melt from Adusumilli et al.241

(2020).242

The theory encapsulated by Eq. (5) assumes a simplified geometry that contrasts243

with the complex geometries of natural ice shelf cavities; for example, the depth of real244

ice shelf grounding lines vary spatially, as does the slope of the ice. In order to gener-245

alize the theory to real ice shelf cavity geometries, we compute bulk estimates of the dif-246

ferent parameters in our theory (5). Specifically, for a given ice shelf we identify all points247

from Bedmachine’s (Morlighem, 2020) 500m resolution grid which contain grounded ice248

and are adjacent to floating ice as grounding line points, and then estimate the hydro-249

graphic parameters HCDW, g′out and θCDW−θsurf for each grounding line point. We then250

average those parameters separately over the grounding line to formulate our prediction251

of the area-averaged melt rate,252

ṁpred ≡ C⟨HCDW⟩sice⟨g′out⟩⟨f−1⟩⟨θCDW − θsurf⟩, (6)253

where ⟨·⟩ denotes an average over all grounding line points within the ice shelf. We treat254

the ice shelf slope sice differently because this parameter is related to the geometry of255

–9–



manuscript submitted to Geophysical Research Letters

(a)

(c)

(b)

(d)

Figure 4. Application of our theory to predict circum-Antarctic ice shelf melt rates. (a) An

illustration of the off-shore hydrographic cast selection methodology for a single point on the

Amery ice shelf grounding line. The bathymetry of the Amery Ice shelf is contoured in blue and

green, with floating shelf ice highlighted in white and grounded ice sheet colored dark gray. The

red line depicts the HUB depth for the starred grounding line point (GL). The World Ocean

Atlas hydrographic cast that is used to estimate heat transport toward point “GL” is labeled

“WOA”, and is selected as decribed in Section 5. (b) The hydrography at the point labelled

“WOA” in panel (a), with the HUB for point “GL” marked by a red line. (c) The linear re-

gression of predicted melt rate from Eq. 5 against observed melt rates from Adusumilli et al.

(2020). Error bars are estimates of observational error from Adusumilli et al. (2020). (d) Pre-

dicted melt rate (colors and white contours) a function of different parameters in our theory

(Eq. 6): the grounding line-averaged hydrographic terms, ⟨HCDW⟩⟨g′out⟩⟨θCDW − θsurf⟩, and the

cavity-averaged ice shelf slope sice. The corresponding locations in this parameter space of each

observed Antarctic ice shelf are indicated by white circles.
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the cavity, rather than external hydrographic properties. The overbar · denotes an av-256

erage over the whole ice shelf area, defined more precisely below. The Supporting Infor-257

mation specifies how we choose an appropriate offshore hydrographic cast for each ground-258

ing line point, how we calculate the temperature of the CDW layer (θCDW), thickness259

of the CDW layer (HCDW), and exterior reduced gravity (g′CDW), and how we compute260

the bulk ice shelf slope sice.261

In Fig. 4(c) we compare the melt predicted by our theory (6) against the satellite-262

derived estimates of basal melt and accompanying uncertainty from Adusumilli et al. (2020).263

We determine the constant prefactor C via linear regression, which yields regression yields264

α = 0.015 (see Eq. 5). We find that our theoretical prediction explains ∼ 81% of the265

variance in the observed melt rates. This suggests that, for ice shelves in which the melt266

are driven by CDW inflows, variations in these melt rates is accurately accounted for by267

our geostrophic constraint on the inflow of CDW into the cavity. As expected, the the-268

ory does less well at predicting the melt rate in “colder” ice shelves that exhibit lower269

melt rates, and in which CDW inflows do not dominate the melt rate. Note that in colder270

ice shelf cavities, the error bars on observations also begin to become equal to the sig-271

nal in magnitude.272

In Fig. 4(d) we use our theory to provide insight into the relative importance of273

ice draft slope versus external hydrography in setting the observed ice shelf melt rates.274

Specifically, we map the melt rates in a parameter space defined by two parts of Eq. 6:275

the cavity-averaged ice shelf slope, sice, and the CDW pressure head (Zhao et al., 2019)276

multiplied by its temperature anomaly, ⟨HCDW⟩⟨g′out⟩⟨θCDW−θsurf⟩. This decomposi-277

tion shows that ice shelves with similarly high rates of melt may result either from an278

abundance of warm CDW that has access to the cavity, e.g. Dotson ice shelf, or from279

a relatively steep ice draft, e.g. Moscow University ice shelf. Furthermore, neglecting changes280

in ice shelf slope, the theory predicts that ice shelves with gentle slopes like the eastern281

Ross ice shelf would exhibit little melt even if CDW was to rise significantly, in contrast282

to steeply sloping ice shelves like the Totten ice shelf.283

6 Discussion and Conclusion284

This study presents a novel constraint on the heat transport into ice shelf cavities,285

and thus, indirectly, on the area-averaged melt rates of the ice shelves. The guiding prin-286

ciple of our theory (Section 2) is that CDW inflows are geostrophically constrained by287

the along-cavity density gradient established by the interface between CDW and melt-288

water within the cavity. Applying scaling arguments, we obtain a relationship (5) be-289

tween the area-averaged melt, the slope of the ice shelf draft, and the thickness, temper-290

ature and density anomaly of CDW. Motivated by previous findings that the deepest troughs291

in the continental shelf play a key role in funneling CDW toward ice shelves, (e.g. Walker292

et al., 2007; St-Laurent et al., 2013) we further introduce a new metric called the High-293

est Unconnected isoBath that identifies the locations and depths of these troughs (Sec-294

tion 3). We use the HUB to constrain the waters that can access a given ice shelf cav-295

ity, which in turn constrains the along-cavity density gradient and thus the heat trans-296

port in our theory. We evaluate our theoretical prediction across a suite of idealized model297

simulations (Section 4), finding that it explains 90% of the variance of the diagnosed298

melt rates. Finally, we apply the theory to predict observational estimates of ice shelf299

melt rates (Adusumilli et al., 2020), and find that the theory explains > 80% of the vari-300

ance across all Antarctic ice shelves (Section 5). Taken together, these findings indicate301

that our geostrophic constraint captures the leading-order dynamics of the heat trans-302

port into warm Antarctic ice shelf cavities.303

Our formulation contrasts from existing parameterizations of ice shelf melt, because304

rather than focusing on the dynamics of melt once warm water reaches the ice shelf face,305

ours estimates the transport of heat into the cavity using solely the offshore hydrographic306
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properties and the morphology of the ice shelf and bed. This means that our theory pre-307

dicts only one area averaged basal melt rate for an ice shelf cavity, and does not produce308

spatially varying maps of ice shelf melt.309

In deriving and applying our theoretical estimate of the heat flux into ice shelf cav-310

ities (5) we have made a number of simplifying assumptions, discussed in Section 2. One311

is that we neglect the effects of wind and surface buoyancy forcing, whereas previous ob-312

servational and modeling studies indicate that these effects may play a key role in con-313

trolling ice shelf melt rates (Webber et al., 2017; Thoma et al., 2008; Hattermann, 2018;314

Guo et al., 2022; Silvano et al., 2022). We also assume that the cavity circulation is in315

equilibrium with the external oceanic conditions, i.e. that the heat transport into the316

cavity is completely used for ice shelf melt. We might expect this assumption to fail on317

time scales shorter than the flushing time scale of the cavity (Holland, 2017), on which318

transient heat storage in the cavity and ice shelf boundary layer/plume dynamics more319

directly dictate the melt rate (Lazeroms et al., 2018). Our theory also predicts that the320

melt rate is entirely determined by the ice shelf geometry and the external hydrography,321

in contrast with previous studies showing that circulation within ice shelves can exhibit322

bi-stable states (Hellmer et al., 2017; Moorman et al., 2023; Caillet et al., 2023). Future323

work is required to reconcile our theory with previous theories for bi-stability of ice shelf324

cavity circulation and melt rates (Hazel & Stewart, 2020).325

To our knowledge, this is the first time satellite-derived melt has been successfully326

estimated using offshore hydrographic observations without a tuning for every ice shelf.327

The framework succeeds despite observational error in the bathymetry, hydrographic,328

and basal melt measurements. We argue this represents a fundamental advance in com-329

munity understanding of ice shelf cavity dynamics and could lead to improved param-330

eterizations with better predictive capabilities. While the theory is less predictive in colder331

ice shelves, the ability of the theory to separate shelves with high melt rates due to CDW332

inflow from those with lower melt rates we believe could be very useful in developing new333

understanding of melt in those cold ice shelves.334

7 Open Research335

The observational hydrographic data used in this project is available on the Na-336

tional Centers for Environmental Information website (https://www.ncei.noaa.gov/337

access/metadata/landing-page/bin/iso?id=gov.noaa.nodc:NCEI-WOA18). BedMa-338

chine version 2 bathymetric and ice shelf thickness data is available from the National339

Snow and Ice Data Center (https://nsidc.org/data/nsidc-0756/versions/2). Antarc-340

tic boundaries from satellite radar are available from the NSIDC as well (https://nsidc341

.org/data/nsidc-0709/versions/2). Satellite derived estimates of basal melt from Adusumilli342

et al. (2020) can be found in the supplementary information (https://static-content343

.springer.com/esm/art%3A10.1038%2Fs41561-020-0616-z/MediaObjects/41561 2020344

616 MOESM1 ESM.pdf). The analysis code for the observational work detailed in this pa-345

per is freely available on GitHub (https://github.com/garrettdreyfus/HUB). The mod-346

elling setup and analysis code for the modeling work in this paper is also available on347

GitHub (https://github.com/andystew7583/MITgcm ISC).348
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