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Abstract. The delivery of ocean heat to Antarctic ice shelves is due to intrusions of waters warmer than the local freezing

point temperature. Changes in the supply of ocean heat will determine how rapidly ice shelves melt at their base, which affects

Antarctic Ice Sheet mass loss and future global mean sea level rise. However, processes driving ice shelf basal melting are still

poorly understood. Here we investigate the drivers of heat convergence along the Antarctic margins by performing an ocean

heat budget analysis using a high-fidelity 4 km circum-Antarctic ocean–ice-shelf model. The simulation produces high basal5

melting in West Antarctica associated with sustained ocean heat convergence driven by advection of relatively warm deep water

intrusions, with minimal seasonality in both heat supply and basal melting. For East Antarctica, ice shelves have substantial

basal melt seasonality, driven by strong air-sea winter cooling over the continental shelf depressing shallow melting, while in

summer, increased heat inflow towards the ice shelves is driven by surface-warmed waters that subduct under shallow regions

of ice, increasing melt. The high seasonality of basal melting in East Antarctic ice shelves is responsive to interactions between10

the atmospheric forcing, the local icescape, and the activity of coastal polynyas. Our results suggest that seasonal changes in

future climate change scenarios are critical in determining the duration and intensity of air-sea fluxes with substantial impacts

on ice shelf basal melting and ice sheet and sea level budgets.

1 Introduction

Ocean heat delivery towards Antarctica is a key driver of ice shelf basal melting, where changes in heat transport can drive15

ice shelf thinning and grounding line retreat, with implications for ice sheet stability and future global sea-level changes. The

stability of the Antarctic Ice Sheet, which holds the equivalent of 58 m of global mean sea-level rise (Fretwell et al., 2013),

depends on the buttressing effect from floating ice shelves that impedes ice flow towards the ocean (Joughin et al., 2010).

Satellite observations show that the Antarctic Ice Sheet lost mass over the last few decades (Adusumilli et al., 2020), of which

about half is due to ocean-driven basal melting of the ice shelves (Rignot et al., 2013; Pritchard et al., 2012), highlighting the20
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importance of the Antarctic coastal ocean circulation and dynamics for sea-level projections.

The latest sea-level projections relied on climate model outputs to force ice sheet models under ISMIP6 (Edwards et al.,

2021; Seroussi et al., 2024). However, the ocean component of CMIP5 and CMIP6 models have often coarse (1◦) horizontal

resolution (∼55 km at 60◦S), inherent biases in continental shelf temperatures (Purich and England, 2021), and lack active25

ice-shelf and ice-sheet coupling (Fox-Kemper et al., 2023). At 1◦ horizontal resolution, eddies, tides and other small-scale

processes at the continental shelf (Stewart et al., 2018; Jourdain et al., 2019; Hausmann et al., 2020), such as Antarctic Bottom

Water formation (Heuzé, 2021) and channelised flow associated with bathymetric troughs (Drews, 2015; Alley et al., 2016;

Marsh et al., 2016; Milillo et al., 2019) are not resolved. The lack of ocean–ice-shelf–ice sheet coupling means that feed-

backs between the ocean-atmosphere-cryosphere system are also not properly resolved; nor are some essential features of the30

icescape, such as landfast sea ice (Fraser et al., 2023), icebergs (Merino et al., 2016) and the ice shelves. The Antarctic Ice

Sheet contribution to CMIP6 sea-level projection has the largest uncertainty among all contributors to global mean sea-level

changes (Fox-Kemper et al., 2023). The leading sources of the uncertainty result from the choice of ice sheet models, followed

by uncertainties in ocean-ice interactions and the choice of climate model (Seroussi et al., 2023), pointing to the critical role of

limitations in the ocean forcing.35

The ocean role in the basal melting of the Antarctic Ice Shelves is a important contributor to the uncertainties in the Antarctic

Ice Sheet projections. The ocean heat delivered to the ocean–ice-shelf boundary layer is controlled by vertical mixing and the

thermohaline-driven circulation within the sub-ice shelf environment (Rosevear et al., 2024). However, the inflow of ocean wa-

ter masses into the ice shelf cavities has been used to determine distinct ”modes“ of basal melting (Jacobs et al., 1992). Mode40

1 melting results from the inflow of high-salinity Dense Shelf Water (DSW), formed at winter coastal polynyas. Despite being

cold, DSW is above the local freezing point temperatures at depths close to the grounding line. Mode 1 melting is observed

within cold ice shelf cavities such as the Filchner-Ronne, Ross and Amery ice shelves (Thompson et al., 2018). Mode 2 melting

is driven by the inflow of Circumpolar Deep Water (CDW), which is associated with ice shelves within a warm shelf regime,

such as those in the West Antarctic sector (Thompson et al., 2018). Since CDW can be up to 3◦C above the local freezing45

point temperature, Mode 2 is associated with high melt rates, such as found in the Pine Island and Thwaites Ice Shelves in the

Amundsen-Bellingshausen sector (Jenkins et al., 2010), and the Mertz and Totten Ice Shelves in East Antarctica (Silvano et al.,

2016). Mode 3 melting is associated with shallow melting near the ice shelf calving front, driven by seasonally warmed waters

along the coastal currents; this mode has been observed in the ice front of the Filchner-Ronne, Fimbul and Ross ice shelves

(Makinson and Nicholls, 1999; Joughin and Padman, 2003; Arzeno et al., 2014; Stewart et al., 2019).50

Much of the progress in the understanding of the drivers of basal melting was made through in situ observations. However,

these measurements are extremely difficult to obtain and are sparse in both locations and time. Given the harsh conditions, it re-

quires either drilling through hundreds of metres of ice or using autonomous platforms and floats (Miles et al., 2016; Friedrichs

et al., 2022; Sallée et al., 2024). Satellite-derived maps of Antarctic basal melting show high spatial variability of the melt rates55
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(Rignot et al., 2013; Adusumilli et al., 2020), especially between cold and warm ice shelves. However, the temporal variability

of these satellite datasets has not been validated yet (Vaňková and Nicholls, 2022). Observational efforts, such as those using

the ApRES (autonomous phase-sensitive radar) system (Nicholls et al., 2015) greatly improved the understanding of the intra-

annual variability in some ice shelves (Cook et al., 2023; Lindbäck et al., 2019; Davis et al., 2018; Sun et al., 2019), while also

highlighting disagreement between satellite and in situ melt rates (Vaňková et al., 2021; Lindbäck et al., 2023). To overcome60

part of these limitations, here we take advantage of a high-resolution ocean–ice-shelf model to describe the circum-Antarctic

basal melting variability at intra-annual scale.

Given the importance of basal melt as a key parameter for Antarctic Ice Sheet stability and its future contribution to global

sea level, progress towards a better understanding of the main mechanisms driving heat transport into the ice shelf cavities,65

the relative importance of different basal melting modes, and physical drivers of the temporal variability of basal melting

are urgently needed. This study examines these aspects using a realistic simulation from the Whole Antarctic Ocean Model

(WAOM, Richter et al., 2022a), a high-fidelity circum-Antarctica ocean–ice-shelf model of high (4 km) horizontal resolution

including tides (Richter et al., 2022b). More details on WAOM and the ocean heat budget analyses used for process-based in-

vestigation are presented in Section 2. The annual and seasonal links between ocean warming within the ice shelf cavities and70

basal melting, and the physical drivers, are presented in Section 3.1. The temporal variability of heat transport processes across

different regions is presented in Section 3.2 and their driving mechanisms are explored in Section 3.3, followed by discussion

and conclusions in Section 4.

2 Methods75

The analyses presented here were performed using a simulation from the WAOM setup of the Regional Ocean Modeling System

(ROMS Shchepetkin and McWilliams, 2005), which has a grid with a south polar projection of uniform horizontal resolution.

WAOM includes ice-shelf thermodynamic interactions via three-equation parameterisation (Galton-Fenzi et al., 2012; Holland

and Jenkins, 1999) with static ice shelves from Bedmap2 (Dinniman et al., 2007; Fretwell et al., 2013). Here we use WAOM at

4 km, as the mechanisms described here hold both for coarser (10 km) and finer (2 km) resolutions, which is an intermediate80

commitment in terms of storage (especially regarding the daily heat budget diagnostics, see below). The WAOM simulation

at 10 km resolution was initialised using hydrographic data from the ECCO2 reanalysis (Dee et al., 2011) and spun up for 10

years under a repeat year forcing (RYF), with 2007 selected as a representative year of the present-day state (Richter et al.,

2022a). The 4 km resolution WAOM simulation was then initialised from the year 10 of the 10 km run and further spun up for

another 12 years using the same RYF. The results presented here are averaged over the final three years of the 4 km simulation85

(years 10 to 12). A comparison across these three years shows virtually no differences (not shown), indicating that the model

had reached a quasi-steady state by the time of analysis.
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The ocean surface is forced with prescribed surface heat and salt fluxes associated with sea ice growth and melting derived

from sea-ice estimates from satellites (Tamura et al., 2011) — representing important aspects of the ocean-sea ice interaction90

such as the spatial extent of realistic coastal polynyas, and sites of DSW formation, that are not recoverable using existing sea

ice models (Dias et al., 2023). Tidal forcing is included using both velocities and surface elevation at the northern boundaries

using 13 major constituents from TPXO7.2 (Egbert and Erofeeva, 2002). Lateral conditions are imposed with daily reanalysis

from ECCO2 (Dee et al., 2011), daily surface winds at 10 m are obtained from ERA-Interim — combined with monthly re-

laxation to SOSE sea surface salinity (Mazloff et al., 2010). The WAOM setup here follows Dias et al. (2023), which differs95

from Richter et al. (2022a) in the surface fluxes treatment. These differences include the removal of sea surface temperature

restoring and reduction of the surface downward (positive) surface heat flux (during summer) to 25% of the original value,

helping to decrease surface warm biases. A surface warm bias remains to some extent, likely stemming from the reanalysis

forcing (Jacob et al., 2025) and the absence of ocean-atmosphere-sea ice coupling in WAOM. Nevertheless, ERA-Interim and

its successor, ERA5, are widely regarded as among the most reliable sources of air-sea flux estimates in the Antarctic margins100

(Bromwich et al., 2011; Jones et al., 2016). As such, uncertainties in surface fluxes remain a key contributor to the overall

uncertainty in our results.

Previous comparison has shown WAOM produces cold bottom temperature biases in the Bellingshausen Sea and, to a lesser

extent, in the Amundsen Sea (thus underestimating basal melting in these sectors) and fresher biases in the Weddell Sea (Dias105

et al., 2023), possibly associated with the surface buoyancy forcing from Tamura et al. (2008). Low formation of DSW in the

first version of WAOM (Richter et al., 2022a) has been improved in Dias et al. (2023) by fully accounting for the surface salt

flux estimates from satellites, which were limited due to a mismatch between forcing and simulated surface fields. More details

on the WAOM configuration and evaluation can be found in Richter et al. (2022a, b) and Dias et al. (2023).

2.1 Ocean Heat Budget analyses110

The ocean heat budget analyses were performed for the entire circumpolar Antarctic continental shelf (including the sub-ice

shelf cavities). For ease of analysis, the circumpolar domain was divided into bins of 3◦ longitude (latitudinal bins on the east

side of the Antarctic Peninsula due to the shape of Antarctica, Figure 1a). We saved daily outputs of heat flux convergences

(◦C s−1) for all the temperature equation terms:

∂

∂t
(cp ρ θ)︸ ︷︷ ︸
NET

=−∇ · (cp ρ vθ)︸ ︷︷ ︸
ADV

−∇ · (cp ρ F )︸ ︷︷ ︸
DIFF

+Qsfc︸︷︷︸
SHF

(1)115

where cp is the specific heat capacity of seawater (3989.25 J kg−1 ◦C−1), ρ is the potential density (kg m−3), θ is the po-

tential temperature in degrees Celsius, and v is the speed of the ocean, F represents subgridscale processes, and Qsfc is the

net surface heat flux—which accounts for ocean exchanges with the atmosphere/sea-ice (prescribed) and with the ice shelf (via

three-equation parameterisation). On the right-hand side, the product vθ represents the heat convergence due to the resolved
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model advection (hereafter referred to as ADV ), while subgridscale processes (F ) not resolved by the model’s advection120

scheme are parameterised as diffusion (DIFF ). Laterally, DIFF only includes a Laplacian horizontal mixing scheme with a

coefficient of 20 m2s−1 that has a diffusive effect on heat in the down-gradient direction. Vertical mixing associated with the

K-profile parameterisation used in the model (KPP; Large et al., 1994) is equal to the surface fluxes when vertically integrated

— linked with the buoyancy (Tamura et al., 2011) and mechanical (Dee et al., 2011) forcing (outside the ice shelf cavities)

— these are all included in the surface flux term Qsfc (hereafter called SHF ). SHF accounts for both the heat fluxes from125

sea-ice melt and formation (Tamura et al., 2011) outside of the ice shelf cavities and from the ice shelf melting within the

cavities. The left-hand side represents the net heat tendency (NET ) and is exactly equal to the sum of all the processes on the

right-hand side. All the analyses presented here use daily mean diagnostics outputs from the last three simulated years of the

4 km WAOM simulation (years 10 to 12, Figure A2).

130

3 Results

3.1 Physical drivers of basal melting of the Antarctic ice shelves

The ocean-driven melting of the Antarctic ice shelves has a direct relationship with the heat available — as described by the

different modes of melting discussed in Jacobs et al. (1992). Maps of annual ocean heat transport (depth-integrated) and basal

melt rates are shown in Figure 1a. Ice shelf basal melting integrated horizontally for each 3◦ bin is shown in Figure 1a. Basal135

melt rates higher than ∼10 Gt/yr are widespread around the Antarctic continent and are located on well-known ice shelves,

such as: Getz, Pine Island, Thwaites, Larsen C, and Filchner-Ronne ice shelves in West Antarctica; and Brunt, Fimbul, Amery,

West, Shackleton, Totten, Mertz, and Ross ice shelves in East Antarctica. To identify the seasonal variability in the basal melt-

ing, summer (red; defined as December to May) and winter (blue; June to November) averages of the basal melting are shown

compared with the annual mean (black). A clear seasonal melting is found in some but not all ice shelves — in particular there140

is high seasonality along the East Antarctic sector. In contrast, the majority of melting in the West Antarctic sector exhibits

relatively stable melt rates throughout the year. An exception is the Bellingshausen Sea, where WAOM at 4 km shows seasonal

melt due to regional cold biases; the coarser 10 km WAOM reduces this bias, yielding greater and more stable year-round

melt. Based on the melting variability between summer and winter averages compared with the annual average, we classify the

Antarctic ice shelves into either a seasonal melt regime or a steady melt regime, shown in green/orange colors in Figure 1a:145

seasonal melting is defined when the seasonal melt rates (either winter or summer averages) are larger than the annual mean

± 20%; otherwise, it is defined as steady melting. Although we classify the Filchner-Ronne Ice Shelf (FRIS) into the steady

regime, this is due to our framework requirement of averaging across the 3◦ longitude ice shelf cavity bins at FRIS, which leads

to cancellation between different phases of melting inside the cavity due to the distinct pathways along which warm anomalies

are transported within the cavity (Dias et al., 2023; Vaňková and Nicholls, 2022). Observations show that FRIS exhibits two150

seasonal maxima in the melting variability (Fig. 7 in Vaňková and Nicholls, 2022).
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Figure 1. (a) Maps of annual averaged (over the last three simulated years) ocean heat content vertically-integrated (GJ = 1x109J, shown

everywhere except at the ice shelf cavities), and annual averaged basal melt rates (m/yr). (b) shows the basal melt rates integrated over

each longitudinal bin (Gt/yr, 1 Gt = 1x1012 kg), shown as annual (black dashed line), summer (December-May, red line) and winter (June-

November, blue line) averages. The ocean heat transport (ADV +DIFF ) horizontally- and vertically-integrated for each longitudinal bin

(TW, 1 TW = 1015W) is shown in (c) only for the ice shelf cavities and (d) for the whole continental shelf — also shown as annual (black),

winter (red) and summer (blue) averages. Subregions selected for the timeseries analyses presented in Figures 3, A4, A5, and A6 are shown

in shaded grey in (b). The ice shelf melt regimes were classified into seasonal regime (yellow in panel b; when summer or winter melt rates

are equal or larger than the annual mean ±20% but re-binned into 9◦ longitude intervals), or steady regime (orange, for the remaining cases).
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To understand the drivers of the seasonal melting, the depth-integrated total heat transport convergence (ADV plus DIFF

in Eqn. 1) was also integrated horizontally for each bin, first only within the ice shelf cavities (Figure 1c), and also over the

whole continental shelf (including the ice shelf cavities, Figure 1d). The surface heat flux (SHF ), which has a dominant155

cooling effect, is analysed separately later in the manuscript (Figure 2). The heat transport term integrated meridionally over

the continental shelf describes the effect from the cross-slope heat transport plus the zonal convergence at each longitude bin,

while the integral over the ice shelf cavities represents the transport across the ice shelf front plus zonal convergence within the

ice shelf cavity. This means that the heat transport convergence includes the effect from water masses traveling zonally along

the continental shelf before entering the ice shelf cavity, while these water masses are also subjected to air-sea fluxes within160

the continental shelf.

This impact of the air-sea fluxes on the heat convergence is substantial, given the differences in magnitude of the heat trans-

port convergence in the continental shelf and within the ice shelf cavities (Figure 1c,d and A1b). The correlation between the

annual mean heat transport convergence integrated meridionally over the continental shelf and within the ice shelf cavities165

(black lines in Figure 1c,d) is indeed low (r2 = 0.12). We note this low correlation could be caused by differences in advective

timescales not captured in the time-mean, which does not necessarily imply a weak physical relationship. Besides the low cor-

relation, the seasonality also differs between the continental shelf and ice shelf cavities, where the latter has a clear seasonality

in the heat convergence within some ice shelves (e.g., East Antarctica, Figure 1c) but not in all of them, while the heat transport

convergence over the continental shelf does not exhibit a consistent seasonality.170

High basal melt and heat transport convergence within the ice shelf cavities, however, are closely related, with a time-mean

correlation (black lines in Figure 1b,c; r2 = 0.90). Moreover, the seasonality in the heat transport aligns with melt regime

classification: strong heat transport seasonality into ice shelves is collocated with seasonal melting (e.g., East Antarctica) and

insignificant heat transport seasonality occurs for non-seasonal melt ice shelves in the Amundsen Sea. This indicates that heat175

transport (mostly controlled by ADV , see Figure 2) primarily controls the seasonality in the basal melt. One exception is the

Filchner-Ronne Ice Shelf as previously described, which shows seasonality in the heat transport but not in the basal melting

(Figure A5). Another exception is the Fimbul Ice Shelf at 0◦; given its location between a seasonal regime in the east and

steady regime on the west, our framework (possibly due to the coarse 3◦ longitudinal bins) shows consistent seasonality in the

heat (advective) transport but relatively steady melt rates. This could indicate a dominance of basal melt induced by currents180

rather than thermal driving (e.g., Gwyther et al. 2015).

We now look at the full ocean heat budget to understand the relationship between distinct heat transport processes. Indi-

vidual processes, i.e., advection, horizontal diffusion and surface fluxes, contribute to the net heat tendency (left-hand side in

Eqn. 1). The annual mean ocean heat budget results from a balance between winter and summer contributions. We discuss the185

seasonal ocean heat budget integrated meridionally only within the ice shelf cavities (Figure 2a) and over the continental shelf

(Figure 2b), while the annual budget is shown in the Supplemental Material (Figure A1). The net heat tendency (NET ) is the
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Figure 2. Ocean heat budget horizontally- and vertically-integrated over longitudinal bins (in TW, 1 TW = 1015W) for the whole continental

shelf (including ice shelf cavities, upper panel) and only the ice shelf cavities (lower panel). Processes are shown in green (DIFF ), blue

(SHF ), yellow (ADV ) and black (NET ). Summer (average December to May of the last three simulated years, solid line) and winter

(average June to November, dashed line) are shown. Positive (negative) heat flux convergences denotes warming (cooling).

residual between opposite contributions from the total heat transport (ADV +DIFF ) and the surface fluxes (SHF ), which is

observed both in the integration over the continental shelf and within the ice shelf cavities. The total heat transport represents

the sum of horizontal advection (ADV , yellow line) plus horizontal diffusion (DIFF , green line); both the total transport190

and its components converge heat (Figures 1c,d and 2a,b). The total heat transport is counter-balanced by cooling from the

net surface heat flux (SHF , blue line). While processes have similar effects on both the heat budget integrated over the entire
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continental shelf and within the ice shelf cavities only, these effects result from distinct mechanisms, as described below.

Over the continental shelf, the SHF represents atmosphere-ocean and ocean-sea ice heat fluxes, which are the main drivers195

of the seasonal cycle (blue lines in Figure 2b). Atmosphere-ocean heat flux associated with strong atmospheric cooling during

winter reduces the continental shelf temperature while sea ice is formed. Stronger cooling is associated with coastal polynyas,

where persistent katabatic winds maintain an ice-free region adjacent to the coast (or ice front or fast-ice), sustaining high sea-

ice production and offshore export (Ohshima et al., 2016). Regions with fewer coastal polynyas, such as around the Dronning

Maud Land region (around 0◦ longitude), present much milder wintertime cooling than some sectors in the East (70-150◦E)200

and West (60-110◦W) Antarctic (dashed blue line in Figure 2b; Tamura et al. 2011).

The seasonality in the horizontal advection and diffusion over the continental shelf (Figure 2b) are less evident than in the

surface fluxes. DIFF represents parameterised lateral diffusive heat fluxes acting down-gradient at strong frontal regions such

as the Antarctic Slope Front, with a negligible seasonal cycle in the Antarctic margins. ADV is associated with the ocean205

circulation, accounting for both cross-shelf (or cross-calving front) heat transport and the zonal heat convergence associated

with the slope and coastal currents. The advection term has substantial seasonal variability, although the direction of seasonal

change varies spatially.

In the ice shelf cavities (Figure 2a), both advective (ADV ) and diffusive (DIFF ) heat transport balance the surface heat210

flux (SHF ). SHF here represents the heat extracted from the ocean to melt ice, which is larger where the total heat transport

(ADV +DIFF ) is also large (Figure 1c). The seasonal variability of the total heat transport is driven mostly by advection, with

only a secondary contribution to the seasonality from diffusion (Figure 2a).

Seasonality of the total heat transport and SHF are only large at those ice shelves with a seasonal melt regime (mostly in215

the East Antarctic, between 0-150◦E, Figure 1d), presenting a maximum in summer and minimum in winter. In contrast, for

the steady melt regime in the West Antarctic ice shelves (centred at 150◦W, 130◦W, 105◦W), the total heat transport and the

surface heat flux have substantially less seasonality. The results from the ocean heat budget indicate that the temporal variabil-

ity in the advection term (with a secondary contribution from diffusion) is key to understand the basal melt variability.

220

3.2 Sub-seasonal variability of basal melting

To analyse the drivers of sub-seasonal variability of basal melting around Antarctica, we integrate the ocean heat budget terms

over eleven selected major ice shelves (grey shadings in Figure 1b), which were classified into 1) seasonal melt or 2) steady

melt regimes. We closely investigate the Totten Ice Shelf (as an example of the seasonal regime) and the Getz Ice Shelf (as an

example of the steady regime) in this and the next section. Other ice shelf regions are presented in the Supplementary Material225
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Figure 3. Daily climatology (over the last three simulated years) ocean heat budget horizontally- and vertically-integrated over the vicinity of

the Totten Ice Shelf (left column) and the Getz Ice Shelf (right column); shown as examples of seasonal and steady melt regions, respectively.

(a) and (b) show the heat budget for the whole continental shelf, (c) and (d) show the heat budget for the ice shelf cavities, in TW (1 TW =

1015W). Net heat tendency (NET ) is shown in black lines and processes are shown in blue (SHF ), green (DIFF ), and orange (ADV );

positive (negative) heat convergence translates to a warming (cooling) effect within the integrated region. (e) and (f) show the basal melt rates

integrated at full-depth (black, horizontally-integrated) and in the upper-300 m of the ice shelf cavity (300 m, blue dashed line) and below

300 m of the ice shelf cavity (300 m, red dashed line), and sea-ice concentration (cyan, averaged).

for completeness.

The daily heat budget for the Totten (1) and Getz (2) ice shelf regions are shown in Figure 3. Most processes described

here for these two examples generally hold for other subregions classified within the respective regimes, with the exception of

Filchner-Ronne Ice Shelf as mentioned previously. The melting regime in the Totten Ice Shelf (Figure 3, left column), has an230

elevated basal melt rate of up to 100 Gt/yr between late January and May (from day 1 to around day 150, Figure 3e, black line).
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This melt is a response to heat convergence (> 2 TW) driven by the ocean circulation (ADV , Figure 3c). The high temporal

variability of the advection component (timescale of a few days) suggests that transient processes such as mesoscale eddies,

storm-driven effects on coastal circulation, and/or coastal Rossby waves could be the driver of these warming events. Basal

melt starts to decline in April (∼ day 100), which coincides with the abrupt reduction in the ADV warming and rapid SHF235

cooling over the continental shelf (Figure 3a,c,e). Melt reaches a minimum (< 15 Gt/yr) in August-October (days 230-310).

The surface heat loss is associated with the rapid increase in sea-ice concentration (measured from satellites and accounted for

in WAOM via surface buoyancy forcing) as a result of the wintertime expansion (cyan line in Figure 3e).

In the Getz Ice Shelf (Figure 3b,d), the steady melt regime is associated with advective heat convergence during most of the240

year. Large positive ADV is found (2 TW) — similar to the Totten region during summer — and the basal melt rate maintains

a minimum of around 50 Gt/yr (Figure 3f). The ADV warming effect also occurs through transient episodes. Although ADV

plays an important role in warming episodes, it is also responsible for cooling events that occur mostly in winter months, also

with high temporal variability. The sea-ice concentration (cyan line in Figure 3f) has a smaller seasonal variation in the Getz

region than in the Totten, suggesting sea-ice related processes could be important to differentiate the two regimes. WAOM does245

not include an active sea-ice component, although it represents some of its effects through the prescribed surface buoyancy

fluxes from Tamura et al. (2008). Effects from the wind fields are also taken into account in the surface buoyancy forcing, such

as for the impact of katabatic winds on coastal polynyas. An interpretation of the underlying mechanisms is explored below.

3.3 Mechanisms of seasonal heat advection into Antarctic ice shelf cavities250

To describe the mechanisms sustaining the different regimes of basal melting, we examine bottom temperature (mean and

seasonal anomalies) and the surface heat flux (Figures 4 and 5). In the Totten, seasonal bottom temperature anomalies suggest

a link with the surface heat fluxes (Figure 4e,f). Wintertime cooling from the Dalton Polynya, the main coastal polynya in

the Totten basin, spreads along the ocean floor towards the ice shelf front from June to November (winter anomaly is shown

in Figure 4e,f). A cross-shelf transect in front of the Totten (Figure 6a) shows further evidence of winter convection near the255

ice shelf front. Monthly anomalies show that local cold anomalies move westward in several regions of the East Antarctic

sector (Mertz, Totten, Shackleton, Amery-West, and Brunt-Fimbul ice shelves; not shown), likely associated with the Antarctic

Coastal Current. This feature indicates the advection of ocean heat in regions downstream of large coastal polynyas can influ-

ence basal melting nearby.

260

In summer months, the ocean near the Totten Ice Shelf front region warms, causing enhanced shallow (< 300 m) melting.

This warming is also seen to propagate westward with the Antarctic Coastal Current. Waters in the upper-300 m have large

seasonal variability (Figure 4d,g), alternating between fresh Antarctic Surface Waters in February to Winter Waters in August

(Figure 6a,b), with near surface freezing point temperature and relatively high salinity waters. Below 300 m, less variability is

seen in the ocean properties, indicating that modified Circumpolar Deep Water (mCDW) drives deep melting within the Totten265
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Ice Shelf. Additional evaluation of the hydrography at the ice shelf front in the Totten is presented in Figure A16b,c—showing

a good agreement with previous modeling studies (e.g., Khazendar et al. 2013).

The mechanisms observed in the Totten region are also observed near other ice shelves in the East Antarctic with seasonal

melt regimes, such as Brunt-Fimbul, Amery-West (Figures A5, A11, A12), Shackleton, Mertz and Ross ice shelves (Figures270

A6 and A13, A14 and A15). The Bellingshausen Sea presents a seasonal melt regime in this simulation at 4 km (Figure A4

and A9), although this region is cold-biased in relation to the observations (Schmidtko et al., 2014) and so potentially under-

estimates the basal melt. WAOM at 10 km shows more CDW intrusion and higher basal melt rates (Dias et al., 2023), in better

agreement with observations.

275

Figure 4. Maps in the Totten Ice Shelf region of (a) annual bottom temperature (over the last three simulated years), (b) summer (January-

May) mean bottom temperature anomaly, (c), summer mean surface heat flux, (e) winter (June-November) mean bottom temperature

anomaly, and (f) winter mean surface heat flux. The 1500 m isobath is shown in yellow. Temperature-salinity diagrams with daily val-

ues along the ice shelf front for summer (d) and winter (g) averages; annual mean values are shown in grey. The basal melt rates are shown

as annual mean (a), summer mean (b), summer anomaly (summer mean - annual mean); (c), winter mean (e), and winter anomaly (f).
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In the vicinity of the Getz Ice Shelf (Figure 5), different mechanisms dominate the melting variability. Bottom temperature

anomalies show some seasonality, but their actual impact on the melt rates is almost negligible. The surface heat flux at the

Amundsen Sea Polynya (Stammerjohn et al., 2015) is nearly as strong as the Dalton Polynya, but there is less evidence of

deep convection from the bottom temperature anomalies in winter (Figure 5e,f), due to a stronger vertical stratification of the

ocean. Evaluation of the hydrography at the ice shelf front near the Central and Siple Troughs (Figure A16d,e) shows the280

WAOM underestimates mCDW temperatures (e.g., Dundas et al. 2022) given the model cold biases in the Amundsen Sea

(Dias et al., 2023). Still, winter bottom temperature anomalies are concentrated along the shelf break and the Dotson trough

and show considerable warming. In summer, mild bottom cold anomalies are found within the region. The cross-shelf transect

in front of Getz Ice Shelf shows little temperature variability near the ice shelf front (Figure 6c,d). Importantly, these winter

and summer anomalies are away from the ice shelf front, and therefore have little impact on the seasonal shallow melting, as285

seen for the Totten Ice Shelf. The seasonal variability of the surface heat flux and sea-ice conditions could play a role in the

seasonal variations of the shelf circulation via cross-shelf density gradients (Li et al., 2025). Nevertheless, the basal melt maps

for both seasons are fairly similar in most regions on the Getz cavity, and in particular for the deep parts of the cavity. Seasonal

formation of Antarctic Surface Waters and Winter Waters dominate the upper-150 m, while at depths below 400 m the supply

of mCDW is relatively constant through the year (Figure 5d,g). A similar process also dominates other steady regime regions,290

all located in the Amundsen Sea: the Sulzberger Ice Shelf and the Dotson-Thwaites-Pine Island region (heat budget time series

for these regions are shown in Figures A4, A7, A8 and A9).

To conclude, ice shelves within the seasonal melt regime—such as Totten—exhibit a pronounced summer-winter contrast in

ocean temperatures near the ice shelf front (Figure 6a,b). During summer, Antarctic Surface Water (AASW) subducts beneath295

these ice shelves, enhancing shallow melting. In contrast, wintertime coastal polynyas cool the ice front region, effectively

shutting down shallow melting (Figure 3e). Conversely, steady-state ice shelves exhibit a weaker seasonal contrast in the

upper-300 m ocean temperatures. These ice shelves are consistently influenced by relatively warm waters in the deeper layers

near the ice front (Figure 6c,d), supporting sustained deep melting throughout the year (Figure 3f).

4 Discussion and conclusions300

This study employed a circum-Antartic ocean–ice-shelf model under a prescribed atmosphere-sea ice repeat year forcing for

2007 in order to investigate the drivers of intra-annual variability of basal melting. Our results show that most Antarctic ice

shelves exhibit either a seasonal or steady melt regime over these timescales. The variability of the basal melt is directly driven

by the total ocean heat transport within the ice shelf cavities (Figure 1b,c). The melting of ice shelves in East Antarctica is

predominantly seasonal, driven by a striking contrast between ice front cooling in winter forced by coastal polynya activity, and305

summertime warming of waters that penetrate into the upper-300 m portion of the ice shelf cavities driving increased melting

— a mechanism described as mode 3 (shallow) melting (Jacobs et al., 1992). In contrast, most of the West Antarctic can be

classified as steady melting, mainly controlled by warm deep water inflow via deep troughs that does not have a strong sea-

13



Figure 5. Maps in the Getz ice shelf region of (a) annual bottom temperature (over the last three simulated years), (b) summer (January-May)

mean bottom temperature anomaly, (c), summer mean surface heat flux, (e) winter (June-November) mean bottom temperature anomaly, and

(f) winter mean surface heat flux. The 1500 m isobath is shown in yellow. Temperature-salinity diagrams with daily values along the ice

shelf front for summer (d) and winter (g) averages; annual mean values are shown in grey. The basal melt rates are shown as annual mean

(a), summer mean (b), summer anomaly (summer mean - annual mean); (c), winter mean (e), and winter anomaly (f).

sonality (Walker et al., 2007, 2013). Although these warm intrusions exhibit high-frequency variability, likely associated with

wind- and buoyancy-driven shelf circulation (Dotto et al., 2020; Yang et al., 2022), the heat supply is approximately constant,310

and seasonal variations are less pronounced.

These results indicate a dependency of ice shelf melt variability on the relative strength between melting modes. The sea-

sonal melting regime at the Totten region is dictated by strong shallow melting, where seasonally warmed waters near the ice

shelf front control most of the seasonal variability in basal melting. At steady melting regimes, such as in the Getz region, the315

variability of the CDW-driven melt dominates, and the shallow melting does not present a consistent seasonality. While Dense

Shelf Water (DSW) has been associated with mode 1 melt at large ice shelves (Nicholls et al., 2003) such as in the Filchner-

Ronne Ice Shelf (Suppl. Material; Figures A5 and A8), our model shows that wintertime convection from coastal polynyas is

14



Figure 6. Transects across the shelf break in the vicinity of the Totten Ice Shelf (a,b) and the Siple Trough at the Getz Ice Shelf (c,d) showing

potential temperature averaged over July-August (a,c) and February-March (b,d) for the last three years of the simulation.

important to cool down the ocean near the ice front region and actively interrupt the summertime increases in shallow melting.

320

We now discuss our circum-Antarctic model results in the context of previous studies. In the Sabrina Coast sector of East

Antarctica, the Totten and Moscow University Ice Shelves buttress a marine ice sheet that holds ∼3.5 m of global mean sea

level. Ground-based measurements show relatively low but highly variable melting of the Totten Ice Shelf (Vaňková et al.,

2021). These measurements are in agreement with regional modelling studies (e.g., Gwyther et al., 2014) but at some dis-

agreement with satellite-based estimates that have shown melt peak rates (> 4 m yr−1), comparable to those observed in the325

Amundsen and Bellingshausen Seas (Silvano et al., 2017). Although the Totten or Moscow University region has historically

been under-sampled, previous modeling studies have highlighted the role of coastal polynyas—such as the Dalton Polynya—

in modulating basal melt variability (Gwyther et al., 2014; Khazendar et al., 2013; Kusahara et al., 2024). More recently, the

influence of subglacial meltwater (Gwyther et al., 2023) and intrinsic ocean variability (Gwyther et al., 2018) has also been

recognised as potentially important contributors. Additionally, winds may influence at longer, inter-annual timescales (Greene330

et al., 2017). Coastal polynyas in this study are represented from observational estimates, giving confidence that the model cap-

tures, at least partially, the effects from relevant processes, such as the landfast ice effect on coastal polynya locations (Achter
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et al., 2022).

There is observational evidence of a seasonal cycle in basal melting in other parts of East Antarctica. In the Maud Land335

region, mode 3 (shallow) melting was observed beneath the Nivlisen Ice Shelf (Lindbäck et al., 2019), and Sun et al. (2019)

reported a similar seasonal pattern under the Roi Baudouin Ice Shelf. In Prydz Bay, seasonality of warm intrusions has been

identified from both observations and modelling (Galton-Fenzi et al., 2008; Aoki et al., 2022; Gao et al., 2024). In our model,

although deep melting driven by mCDW increases during winter, the overall basal melt seasonality is dominated by enhanced

shallow melting in summer. This aligns with observational findings of summer-intensified melting (Aoki et al., 2022; Gao340

et al., 2024). Mode 3 melting has also been described beneath the Fimbul Ice Shelf in both observations and present-day simu-

lations (Hattermann et al., 2012). Similarly, under the Ross Ice Shelf, high melt variability associated with mode 3 melting has

been observed (Stern et al., 2013; Arzeno et al., 2014; Kim et al., 2023), and linked to the influence of the Ross Sea Polynya

(Stewart et al., 2019). Overall, most of this observed seasonality across these regions points to increased basal melting during

the summer months, consistent with the shallow melting mechanism represented in our model.345

In the West Antarctic, the Getz Ice Shelf produces more freshwater than any other ice shelf (Rignot et al., 2013; Jacobs et al.,

2013) and influences the regional circulation in the Amundsen and Ross Seas (Nakayama et al., 2014). Accelerated thinning

of the Getz has been observed since the 1990s (Paolo et al., 2015) and grounding line retreat since the 2000s (Christie et al.,

2018), but lack of bathymetry and ocean measurements results in a poor understanding of the drivers of the Getz basal melting.350

More recent bathymetric measurements clarified the role of deep troughs under Getz in the CDW inflow to the ice shelf and

also subglacial outflow for local melting increases (Wei et al., 2020). In our model, the basal melting at Getz is dominated by

CDW-driven melting, with little seasonal variability (Assmann et al., 2019; Jacobs et al., 2013), and that weak polynya activity

(and thus shelf cooling) allows for a constant supply of warm water via bottom layers (Silvano et al., 2018).

355

Several studies demonstrate that the Antarctic Ice Sheet mass loss observed in recent decades in the Amundsen Sea,

West Antarctica (Rignot et al., 2013), is driven by warm water inflow causing ice shelf melting and thinning (Walker et al.,

2007, 2013; Jacobs et al., 2011). This mechanism responds to large-scale wind variability in the Pacific sector at inter-annual

to decadal time scales (Adusumilli et al., 2020; Dotto et al., 2020; Yang et al., 2024) — although the remote drivers are still

under debate (Park et al., 2024; Haigh and Holland, 2024). Our model results, forced with a repeat year forcing, suggest that the360

majority of West Antarctic ice shelves have little seasonal variability (Figure 1d), implying that the melt variability is driven

by longer timescales that may also be internally generated (e.g., Gwyther et al., 2018; Holland et al., 2019). Observational

evidence of seasonality in the shelf circulation near the Dotson (Yang et al., 2022) and Pine Island ice shelves (Webber et al.,

2017) exist and are also found in our model and in previous studies (Kimura et al., 2017). However, the seasonal variability is

out-of-phase between these regions and their magnitude are considerably smaller than the melt seasonality (Figure A4, middle365

panel), resulting in a substantially weaker seasonality than we found for East Antarctic ice shelves.
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Although the ice shelves in the Bellingshausen Sea were classified under the seasonal regime in the WAOM 4 km simula-

tion, it is important to note that this region exhibits the most substantial differences across WAOM configurations. At 10 km

horizontal resolution, there is substantially higher CDW onshelf transport and basal melt rates compared to the 4 and 2 km370

simulations (see Dias et al. 2023 and Figure A3). Notably, the 10 km solution aligns more closely with available observations at

this region (Schmidtko et al., 2014; Adusumilli et al., 2020), although the Bellingshausen Sea region remains far less observed

than the Amundsen Sea (Christie et al., 2016). In particular, the WAOM 10 km simulation shows markedly higher melt rates

beneath the George VI Ice Shelf, which is dominated by CDW-driven melt and thus classified under a steady melting regime.

This contrasts with the seasonal melting regime classification at 4 km, where cooler shelf waters and reduced CDW inflow375

prevail (Figure 1b). This discrepancy in melt regime classification across WAOM resolutions highlights an important source of

uncertainty in our results, stemming from model resolution and associated biases.

Overall, the results shown in this study suggest an important role of the shallow melting as a source of melt variability at

sub-annual timescales. This mode prevails in most of the East Antarctic ice shelves, from the eastern Ross to east of Fimbul and380

neighboring ice shelves. Our findings also point to the importance of the cooling effect of coastal polynyas to reduce melting

near the ice shelf front during winter. In addition, summer warming (Antarctic Surface Waters formation) is concentrated near

the icescape (ice shelf front, landfast ice or grounded icebergs), where most cooling takes place in the presence of local coastal

polynyas or downstream, given the Antarctic Coastal Current influence (Liu et al., 2024). Given the importance of shallow melt

(Jacobs et al., 1992) to basal melt variability, future scenarios where climate change could affect seasonal duration (Mosbeux385

et al., 2023), summertime warming (Stewart et al., 2019), and coastal polynya activity (Kusahara et al., 2024) can cause large

impacts on the melting of the ice shelves and for the buttressing of the Antarctic Ice Sheet. While previous studies indicate a

shift between shallow melt to CDW-driven melt associated with future scenarios (Hattermann et al., 2014) and ongoing changes

(Lauber et al., 2023), an intensification of shallow melting could enhance an extreme warming scenario (Kusahara et al., 2023),

with potential large global sea-level impacts (Edwards et al., 2021; Seroussi et al., 2024).390

Common to other modeling studies in such regions with very few observations and large uncertainties, the results described

here have some limitations. WAOM has been shown to have cold biases in the West Antarctic and fresh biases in the Weddell

Sea (Dias et al., 2023) relative to Schmidtko et al. (2014), both associated with coastal polynya activity in these sectors that

are captured in satellite estimates (Tamura et al., 2008), regulating local cooling and affecting CDW on-shelf intrusions. The395

choice of the repeat year forcing (2007) against a multi-decadal dataset (Schmidtko et al., 2014) is also likely contributing to

the aforementioned differences. As coastal polynya location depends on the icescape, including grounded icebergs and fast ice

(Cougnon et al., 2017; Achter et al., 2022) that are not captured in climate models (Heuzé, 2021; Dias et al., 2021), the basal

melt estimates forced by CMIP5-6 models (Jourdain et al., 2022; Seroussi et al., 2024) will likely under-represent the polynyas’

effect on melting near the ice front. Another important aspect is that WAOM does not include coupled sea ice. This can affect400

air-sea exchanges; for example, WAOM exhibits mild surface warm biases at the Antarctic shelf during summer (December-

April) in comparison to the EN4 dataset climatology (not shown). Still, ocean temperatures at the ice shelf front remain colder
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than 0.5◦C at all regions, consistent with the water mass analyses presented in Section 3.3. WAOM does not restore surface

temperature, and the net surface heat flux in summer is dictated by the ERA-Interim reanalysis, which contains uncertainties.

In addition to surface buoyancy fluxes, lack of sea ice can also lead to an overestimate of the momentum (wind) effect on405

ocean currents (Jendersie et al., 2018). Surface wind sensitivity experiments using WAOM demonstrate that this effect can be

significant in the West Antarctic sector, but there is less sensitivity in other regions (not shown). This high sensitivity could

be contributing to melt variability being less dependent on the surface heat flux, in contrast to the East Antarctica sector. The

model’s resolution, although relatively fine-scale for circumpolar standards, does not fully resolve eddy processes (Hallberg,

2013), in particular submesoscale eddies near the ice front, which could enhance shallow melting (Friedrichs et al., 2022).410

The model’s vertical coordinates (terrain-following) needs to smooth sharp gradients and can misrepresent the ice shelf front

(Naughten et al., 2018; Schnaase and Timmermann, 2019), with potential implications for shallow melting.

This study is the first circum-Antarctic description of the ocean processes driving basal melt at intra-annual timescales,

and highlights the importance of shallow melting (Jacobs et al., 1992) to the seasonal variability as a dominant mechanism415

in the East Antarctic sector. Modelling studies such as undertaken here provide a unique opportunity to describe in detail the

basal melting variability and the driving oceanic processes, which is essential to progress our understanding of ocean–ice-shelf

interactions given the lack of ocean measurements (Heywood et al., 2014) and bathymetry data along the Antarctic margin

(Frémand et al., 2023). Recent studies have also highlighted that circum-Antarctic estimates of basal melting from satellites

(e.g., Adusumilli et al., 2020) show large discrepancies from in-situ observations (Vaňková et al., 2021; Lindbäck et al., 2023),420

again suggesting modelling studies of the ocean processes around Antarctic ice shelves are essential to better understand the

drivers of basal melting.

Our results highlight the importance of the seasonal Antarctic melting, modulated by the local icescape (i.e., coastal polynyas

activity; Kusahara et al. 2010), to the basal melt variability in a present-day scenario. Climate change-induced impacts on sea-425

sonality (Timmermann and Goeller, 2017; Mosbeux et al., 2023) and sea-ice regime shifts (Purich and Doddridge, 2023),

in particular anomalous summertime conditions associated with climate and atmospheric circulation anomalies (Clem et al.,

2024), can have potentially large implications for shallow melting and thus to Antarctic Ice Sheet mass loss and global sea

level rise.

430

Code and data availability. All the post-processing scripts used in this study are freely available in https://github.com/fabiobdias/waom_

notebook. The model outputs are available from the corresponding author on request.

Appendix A: Appendix A
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Figure A1. As in Figure 2 but for the annual mean ocean heat budget horizontally- and vertically-integrated over longitudinal bins (in TW)

for the whole continental shelf (including ice shelf cavities, upper panel) and only the ice shelf cavities (lower panel). The heat budget closure

is demonstrated by the comparison of the sum of RHS terms of the Eqn. 1 (dotted magenta line) and the NET term.
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Figure A2. Evolution over the 12-years simulation of the shelf integrated (south of the 1500 m isobath) for (a) sea surface temperature (SST,

in ◦C), (b) ocean heat content (Joules), (c) sea surface salinity (SSS), and (d) ocean salt content.
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Figure A3. Basal melt rates integrated over each longitudinal bin (Gt/yr, 1 Gt = 1x1012 kg) for WAOM10 (10 km horizontal resolution),

WAOM4 and WAOM2, shown as annual (black dashed line), January-March (yellow), April-June (blue), July-September (red) and October-

December (magenta).
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Figure A4. As in Figure 3 but showing ocean heat budget (OHB) horizontally- and vertically-integrated over the vicinity of the Sulzberger

Ice Shelf (left column), Pine-Island Ice Shelf (middle column) and the Bellingshausen Sea region (right column).
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Figure A5. As in Figure 3 but showing ocean heat budget (OHB) horizontally- and vertically-integrated over the vicinity of the Filchner-

Ronne Ice Shelf (left column), Brunt-Fimbul Ice Shelf (middle column) and Amery-West Ice Shelf region (right column).
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Figure A6. As in Figure 3 but showing ocean heat budget (OHB) horizontally- and vertically-integrated over the vicinity of the Shackleton

Ice Shelf (left column), Mertz Ice Shelf (middle column) and Ross Ice Shelf region (right column).
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Figure A7. As in Figure 4 but for the Sulzberger ice shelf region.
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Figure A8. As in Figure 4 but for the Pine Island ice shelf region.
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Figure A9. As in Figure 4 but for the Bellingshausen Sea region.
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Figure A14. As in Figure 4 but for the Mertz ice shelf region.
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Figure A15. As in Figure 4 but for the Ross ice shelf region.
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Figure A16. Temperature-salinity diagrams for the ice front region in the Totten and Getz regions, using the longitudinal bins highlighted

in (a). This contrasts with Figures 4 and 5, were the hydrography is obtained using several bins following the grey shades in Figure 1b. (b)

January and (c) August climatology of bins 115 and 116, corresponding to the Totten Ice Shelf region. January climatology of the (d) bin 17,

corresponding to the Siple Trough, and (e) the bin 18 , corresponding to the Central Trough.
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