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Abstract. The Regional Ocean Modeling System (ROMS), including an ice shelf component, has been applied on a circum-

Antarctic domain to derive estimates of ice shelf basal melting. Significant improvements made compared to previous models

of this scale are the inclusion of tides and a horizontal spatial resolution of 2 km, which is sufficient to resolve onshelf heat5

transport by bathymetric troughs and eddy scale circulation. We run the model with ocean-atmosphere-sea ice conditions from

the year 2007, to represent nominal present day climate. We force the ocean surface with buoyancy fluxes derived from sea

ice concentration observations and wind stress from ERA-Interim atmospheric reanalysis. At the northern boundaries ocean

conditions are derived from the ECCO2 reanalysis and tides are incorporated as sea surface height and barotropic currents. The

accuracy of tidal height signals close to the coast is comparable to those simulated from widely-used barotropic tide models,10

while off-shelf hydrography agrees well with the Southern Ocean State Estimate (SOSE) model. On the shelf, most details of

ice shelf-ocean interaction are consistent with results from regional modelling and observational studies, although a paucity of

observational data (particularly taken during 2007) prohibits a full verification. We conclude that our improved model is well

suited to derive a new estimate of present day Antarctic ice shelf melting at high resolution and is able to quantify its sensitivity

to tides.15
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1 Introduction

Modelling of Antarctic ice shelf-ocean interaction is critical to predicting future changes in sea level and climate. Antarctic

glaciers drain into floating ice shelves and melting or marine ice accretion at the base of these ice shelves changes their ability

to buttress inland ice sheet discharge (e.g. Dupont and Alley, 2005; Gudmundsson, 2013; Pritchard et al., 2012). In turn,

glacial melt water impacts the surrounding oceans with consequences for global ocean circulation and climate (e.g. Jacobs,20

2004; Purkey and Johnson, 2013). Ocean models that include an ice shelf component are playing a key role in estimating

the current state of ocean-ice shelf interaction (e.g. Galton-Fenzi et al., 2012; Gwyther et al., 2014; Hattermann et al., 2014),

understanding the underlying mechanisms of ice shelf melting (e.g Makinson et al., 2011; Hattermann, 2018; Gwyther et al.,

2018) and predicting future changes (Kusahara and Hasumi, 2013; Mueller et al., 2018; Naughten et al., 2018a). Within these

models, Antarctic-wide applications are of particular interest, as they resolve ice shelf teleconnections (Gwyther et al., 2014;25

Silvano et al., 2018) and smaller ice shelves with less research focus, all around the continent (Timmermann et al., 2012).

Further, consistent model design and parameter choices in large scale models make it easier to compare different regions, and

coupled ice sheet-ocean models for climate predictions will ultimately need Antarctic-wide domains (Asay-Davis et al., 2017).

The accuracy of circum-Antarctic ocean-ice shelf models, however, suffers from incomplete model dynamics and poorly

represented subgrid scale processes. Many ocean models with pan-Antarctic coverage have now been augmented by an ice30

shelf component (e.g. Hellmer, 2004; Timmermann et al., 2012; Kusahara and Hasumi, 2013; Dinniman et al., 2015; Schodlok

et al., 2016; Mathiot et al., 2017; Naughten et al., 2018b; for review see Dinniman et al., 2016; Asay-Davis et al., 2017).

Their results for present day conditions, however, often disagree with available observations and vary widely between models

(e.g., see Fig. 10 for estimates of basal mass loss from major ice shelves). Part of these discrepancies originate from boundary

conditions and model design (e.g. Dinniman et al., 2015; Naughten et al., 2018b). The integrity of model dynamics, however,35

is also questionable, since certain physical processes that have been identified as critical in regional studies, have not yet been

included in large scale applications (Dinniman et al., 2016). One of these critical processes is ocean tides, which interact with

ice shelves in several ways, most importantly through ice shelf basal melting (Padman et al., 2018). Regional studies have

shown that tidal currents can heavily modulate local melt rates (e.g Makinson et al., 2011; Mueller et al., 2012, 2018), but, to

our best knowledge, tides have not yet been included in Antarctic-wide ocean-ice shelf models. Further, large scale models are40

typically run at coarse horizontal resolutions (10-20 km), which are not sufficient to resolve bathymetric troughs and eddies on

the continental shelf (Dinniman et al., 2016). Both of these features, however, have been identified to transport heat from the

deep ocean shoreward and not resolving them leads to underestimates of ice shelf melting in some regions (for the importance

of troughs see Thoma et al., 2008; Assmann et al., 2013; for eddies see Stewart and Thompson, 2015; Stewart et al., 2018).

Resolving tides and eddies is expensive, as they require a fine temporal and spatial discretisation, but including them in large45

scale models is seen as a major step towards more accurate representations of the polar regions.

Model evaluation and efficient tuning is hindered by sparse in situ observations, both beneath ice shelves and on the conti-

nental shelf. Model parameters in regional studies are usually calibrated (e.g. Nakayama et al., 2017), but to approach similar

efforts with large scale models, suitable Antarctic-wide observations need to be compiled first. Nevertheless, evaluation of
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selected quantities helps to identify large biases and evaluate model performance. For this purpose, previous studies have often50

utilised ice shelf melt rates derived from satellite observations and models of firn processes (e.g. Schodlok et al., 2016), and

selected Southern Ocean quantities from observations and reanalysis products (e.g. Naughten et al., 2018b). These measures,

however, have limitations. For example, while satellite studies provide uncertainty bounds for melt rates averaged over ice

shelves or ice flow lines (as in Rignot et al., 2013; Depoorter et al., 2013; Liu et al., 2015), the uncertainty of high resolution

data is unknown. Further, ocean reanalysis products, such as the Southern Ocean State Estimate (SOSE; Mazloff et al., 2010),55

assimilate most of the available data from elephant-seals, ships and Argo Floats, but observations on the Antarctic continental

shelf are sparse and the underlying ocean models do not account for ice shelf melting and, hence, the resulting freshwater

release.

Here we describe the development and evaluation of a new circum-Antarctic ocean-ice shelf model that aims to overcome

some of the shortcomings of previous studies. The Whole Antarctic Ocean Model (WAOM v1.0) includes tides and an eddy60

resolving horizontal resolution of 2 km and, thus, includes all the model physics of state-of-the-art regional applications.

Establishing an evaluation matrix and rigorous model tuning is out of the scope of this study, but we aim to convince the reader

that WAOM is capable of simulating an equilibrated and realistic version of present day conditions by comparing model results

against a selection of established estimates of Southern Ocean quantities and ice shelf melting for the chosen period of 2007.

The following section (Sect. 2) describes the model and experiments performed in this study. In Section 3, we evaluate65

tidal accuracy, investigate resolution effects and compare model results against selected off-shelf hydrography from SOSE, as

well as estimates of ice shelf-ocean interaction from regional studies and large scale satellite observations. This is followed

by a discussion of WAOM’s key strengths and limitations, as well as future development and research questions suitable for

exploration with our model (Sect. 4). The last section (Sect. 5) summarises and concludes this study.

2 Model Description70

2.1 General Approach

The code that is underlying WAOM has been developed over a decade by our research group in Tasmania and established its

integrity in the wider community in many regional and idealized applications (Galton-Fenzi et al., 2012; Cougnon et al., 2013;

Gwyther et al., 2014, 2016). In this study we use our experience to upscale the code to a circum-Antarctic domain. WAOM v1.0

(Richter, 2020a) and the scripts used for pre- and post-processing (Richter, 2020b) are open source and can be downloaded75

and developed on github.

2.2 ROMS and Ice-Ocean Thermodynamics

WAOM’s backbone is the Regional Ocean Modeling System (ROMS v3.6). ROMS is a free-surface, terrain-following, prim-

itive equations ocean model framework (Shchepetkin 2005) that allows treatment of advection and diffusion in the ocean in

a multitude of ways and on different grid configurations. For WAOM we use a curvilinear coordinate grid (south polar pro-80
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jection) and solve, for example, horizontal and vertical tracer advection using the 4th-order Akima advection scheme, while

closing turbulent vertical mixing with the scheme from Large et al. (1994) (see Tab. C1 and C2 for all activated options and

key parameter choices, respectively).

For ice ocean-thermodynamics, we use the 3-equation melt parameterisation developed by Hellmer and Olbers (1989), re-

fined by Holland and Jenkins (1999) and implemented into ROMS by Galton-Fenzi et al. (2012). The parameterisation accounts85

for thermal and haline driving across the ice-ocean boundary layer, velocity dependent exchange coefficients following McPhee

(1987) and the case of molecular diffusion alone Gwyther et al. (2016). The exact equations used for ice-ocean interaction in

WAOM are described in Gwyther et al. (2016).

2.3 Domain, Topography and Spatial Discretisation

The rectangular domain is shown in Figure 1 and covers all of the Antarctic ice shelf cavities and adjacent continental shelf90

regions. Spatial discretisation in the vertical uses 31 terrain-following layers with enhanced resolution at top and bottom

and results in top layer thicknesses under the ice varying from 0.5 m to 8.3 m (stretching function and parameters used in

transformation equations shown at Tab. C2). In the horizontal we apply uniform grid spacing with resolutions of 10 km, 4 km

and 2 km, which results in 52, 130 and 260 million computational cells, respectively. We note that the design of WAOM

requires masking of about 36 % of the cells due to land area.95

The ice draft and bottom topography south of 60 ◦S have been derived from Bedmap2 (Fretwell et al., 2013) and north

of 60 ◦S (outside the Bedmap2 boundaries) have been taken from RTopo-2 (Schaffer et al., 2016). Calculating the horizontal

pressure gradient at steep sloping topography in terrain-following coordinates is known to generate spurious currents and

mixing (Mellor et al., 1994, 1998). ROMS is designed to minimise this issue by applying the splines density Jacobian method

for the calculation of the pressure gradient force. Nevertheless smoothing of bathymetry and ice draft is recommended (e.g.100

Sikirić et al., 2009), in particular considering the almost vertical cliff face at the ice shelf front (also discussed in Naughten

et al., 2018b). Using the Mellor-Ezer-Oey algorithm (Mellor et al., 1994) we smooth the bathymetry and ice draft iteratively

until a maximum slope factor r = (hi −hi+1)/(hi +hi+1)≤ 0.3 is satisfied (h describes either water column thickness or

sea floor depth). Further, for numerical stability, we artificially deepen the bathymetry in shallow ice shelf grounding zones to

obey a minimum water column thickness of 20 m. While this step might impact local ice shelf ocean-interaction, it has been105

shown not to affect ice shelf average melt rates and 20 m is considered one of the smallest modifications possible (Schnaase

and Timmermann, 2019).

Table 1 summarises the computational costs associated with running the model on the Australian National Computing

Infrastructure (NCI) supercomputer Raijin. On the resulting grids with 10 km, 4 km and 2 km resolution the 3-D equations

integrate stably with timesteps of, respectively, 900 s, 360 s and 180 s. This leads, for example, to a cost of 6,800 CPU hours110

for 1 year of simulated period at 4 km resolution. We note that upscaling of the computational architecture for the highest

resolution was obscured by the fact that the parallel input-output was not functional. Serial input-output puts the computational

burden onto a single CPU, requiring us to choose a suboptimal architecture with few CPUs and large RAM per CPU. This

issue should be addressed in future studies.
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Figure 1. Model domain and bathymetry. Figure boundaries denote the model domain and colors show sea floor depth (also inside the sub-ice

shelf cavities). Thin black lines are boundaries for the ice shelves and the continental shelf used in this study. Thin white lines are longitudes

and latitudes. Labels denote ocean sectors, while bold white lines indicate their boundaries. Dotted white lines are longitude transects used

in Figs. 7a to 7d.
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Model Resolution 10 km 4 km 2 km

Period simulated 1 year 1 year 1 year

CPU hours 280 h 6,840 h 40,030 h

Architecture Sandy Bridge Sandy Bridge Broadwell

Number of CPUs 256 2304 224

Memory 51 GB 2.9 TB 876 GB

Walltime 1 h 3 h 142 h

Storage for 1 3D field 40 MB 250 MB 1 GB

Table 1. Computational requirements at different resolutions. WAOM has been run on the supercomputer Raijin from the National Computing

Infrastructure (NCI) in Australia. Sandy Bridge architecture stands for 2x8 core Intel Xeon E5-2670 2.6GHz with 32 GB RAM per node and

Broadwell is 2x14 core Intel Xeon E5-2690v4 2.6GHz with 128 GB RAM per node. We needed to ensure a high RAM per CPU for the 2 km

application as input-output was handled in serial.

2.4 Forcing and Boundary Conditions115

At the surface, we apply daily buoyancy fluxes derived from sea ice concentration observations (Tamura et al., 2011) and daily

wind stress calculated from ERA-Interim 10-m winds and bulk flux formula (Dee et al., 2011). Prescribing surface buoyancy

fluxes, rather than including a sea ice model, is likely to more accurately capture polynyas that form in the lee of fast ice and

icebergs, and are critical to resolve accurate ice shelf melting in cold regimes (see Mode 2 melting described in Jacobs et al.,

1992). We tune the surface forcing by reducing positive heat flux into the ocean to half its original value, omit brine injection120

when the ocean is warmer than the freezing point and relax surface temperatures towards freezing when they are being forced

below freezing. Further, to avoid model drift, the surface ocean is relaxed over long timescales to the solution from SOSE

(Mazloff et al., 2010), using a heat flux into the ocean of 40 Wm−2 ◦C−1 and a salinity relaxation timescale of one month.

We do not account for the effect of sea ice on wind stress or frazil ice formation (as in, e.g. Galton-Fenzi et al., 2012).

Open boundary conditions are taken from the ECCO2 reanalysis (Menemenlis et al., 2008) and consists of monthly values125

for sea surface height, barotropic and baroclinic velocities, and temperature and salinity. The model solution, however, mostly

dictates the conditions at the boundary, as we nudge inflow and outflow with timescales of 1 day and 1 year, respectively.

Initial ocean temperatures and salinities for Janurary 2007 are also derived from ECCO2 and values under the ice shelves

are extrapolated from the ice front. Thirteen major tidal constituents (M2, S2, N2, K2, K1, O1, P1, Q1, MF, MM, M4, MS4,

MN4) are derived from the global tidal solution TPXO7.2 (Egbert and Erofeeva, 2002) and also introduced along the northern130

boundaries of WAOM using sea surface height and barotropic currents.

2.5 Spin Up and Experiments

For this study we simulate the year 2007. Forcing with single year conditions captures daily to seasonal variability, while

allowing us to run the model to quasi-equilibrium with our given supercomputing resources. At the time of development, all
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data products used to force the model covered the period from 2005 to 2011 and we found that sea ice buoyancy fluxes and135

wind stress from the year 2007 are a non-anomalous representation of the period from 1992 to 2011.

To further save computational costs we perform most of the spin up at lower horizontal resolutions. This idea takes advantage

of the fact that the temporal and spatial scales of ocean processes are correlated, that is the largest spatial features, such as the

Weddell Sea gyre, also take the longest time to develop. Figure 2 visualizes our spin-up procedure. The 10 km version of

the model is integrated for 5 years, before the on shelf ocean reaches a quasi equilibrium and its solution is used to initialise140

the 4 km run. Analogously, the 4 km run is stepped forward in time for 2 years before the final 2 km simulation is initiated

and integrated for another year and three months. Interpolation of lower resolution solutions to the higher resolution grids

is performed using a nearest neighbour method. This can result in artificially large pressure gradients between neighbouring

cells, causing model instability. We address this issue by running the first day of each high resolution simulation with a

reduced timestep. The ocean state after one day is then used to initiate the actual high resolution run. Diffusivity and viscosity145

coefficients have been reduced in proportion to to grid refinement (see C2). The main results are taken from the final year of

the 2 km run.

Figure 2. Spin up procedure. We spin up large scale processes at lower resolution and find that ice shelf average melting is a good diagnostic

for the state of the continental shelf ocean. This way, the total spin up time for the final year of the 2 km-resolution solution is 7 years and 3

months. Model output is plotted as average of every month.

2.6 Analysis

To calculate basal mass loss from individual ice shelves we use ice shelf boundaries from the MEaSURES Antarctic boundaries

dataset (Mouginot et al., 2016). This dataset reflects the 2007 state, while Bedmap2 ice thickness data is mostly based on laser150

altimetry data from 1994 to 1995. Restricting the ice shelf area to the intersect of Bedmap2 and MEaSURES excludes parts of

the ice shelf front in some regions and a narrow frame of thin ice along the open coastlines (see Fig. B1).

We use SOSE to evaluate the off-shelf ocean. As mentioned earlier, SOSE assimilates many observations from elephant-

seals, ships and Argo floats in the Southern Ocean, making it very reliable where such observations exist (Mazloff et al.,

2010). On the shelf, however, observations are sparse and the ocean dynamics used to integrate SOSE do not include ice shelf155
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interaction. Hence, we expect SOSE to have large biases close to the ice and we only use its solution for the off-shelf ocean to

evaluate WAOM.

3 Results

3.1 Tides Evaluation

Following King and Padman (2005), we assess the accuracy of tides in the model by comparing tidal height signals against160

69 Antarctic Tide Gauge (ATG) station data, including observations from tide gauges, gravimetric data and GPS records of

ice shelf surface elevation. For this we use 365 days of hourly sea surface elevation model output from the 10 km-horizontal

resolution simulation. Evaluating tides at higher resolution would have taken considerably more resources and we expect the

improvement of accuracy with finer grid spacing to be incremental. We interpolate the model data to the coordinates of each of

the 69 tide gauge stations using nearest neighbour interpolation. For the four major tidal constituents M2, S2, K1 and O1, we165

recover amplitudes H and phases G from the sea surface height time series using classical tidal harmonic analysis (Pawlowicz

et al., 2002), and then calculate the complex amplitude Z =H cosG+ isinG as a representation of the tidal energy. We

disregard stations for a certain constituent if no ATG data is available, the nearest ocean cell is further than 50 km (5 grid cells)

away or the tidal harmonic analysis fails to converge. The Antarctic-wide accuracy of complex amplitudes for each constituent

is assessed using root-mean-square (RMS) errors (defined as σx) as follows:170

σx =

√√√√ 1

2N

N∑
j=1

[
Zm
j −Zo

j

]2
, (1)

whereby m and o superscripts denote modelled and observed, respectively, and N is the number of stations. To get a single

measure for model bias in tidal energy, the combined RMS error is calculated as

σcomb =

√√√√ 1

2N

4∑
k=1

N∑
j=1

[
Zm
j −Zo

j

]2
, (2)

where the differences are also summed over all four constituents k = [M2,S2,O1,K1].175

The model has a combined RMS error of 27 cm, 17 % higher compared to an RMS error of 23 cm for state-of-the-art 2D

Antarctic tide models assessed in King and Padman (2005). Table 2 summarizes the outcomes of the tidal height accuracy

analysis, while Figure 3 shows complex amplitude differences for each of the four constituents at each tide gauge station. Most

of the bias comes from the semidiurnal constituents M2 and S2 and from sites at the grounding line deep under the large ice

shelves. In these shallow regions, semidiurnal tides reach maximum amplitudes of 3 metres (e.g. Griffiths and Peltier, 2008),180

while bathymetry and ice draft are very uncertain. Tidal strength is sensitive to water column thickness and, thus, we attribute

most of the tidal bias in WAOM to uncertainties in the sub-ice shelf cavity geometry of Bedmap2. Also, some bias might

originate from the imposed 20 m minimum water column thickness in shallow regions (see Sect. 2.3).
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M2 S2 O1 K1

Number of ATG stations 101 94 87 79

RMSD amp in m 0.23 0.18 0.07 0.09

RMSD phase in deg 27.14 22.65 8.92 8.30

RMSD complex amp in m 0.20 0.15 0.06 0.07

Combined complex RMSD in m 0.27

Table 2. Summary of tidal height comparison against Antarctic Tide Gauge Records using Root-Mean-Square-Differences (RMSD).

Figure 3. Spatial distributions of tidal height accuracy. Complex amplitude differences between the model solution and Antarctic Tide Gauge

records are shown for the major tidal constituents (a) M2, (b) S2, (c) K1 and (d) O1. The largest biases occur at the deep grounding lines of

the large ice shelves, where the water column thickness is uncertain.
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3.2 Resolution Effects

The model solution of the continental shelf ocean converges with increasing resolution. We assess the impact of horizontal185

resolution on the continental shelf ocean by analysing changes in annual mean ocean temperature and average ice shelf melting.

To ensure consistency, we compare the 2 km result against lower resolution solutions with equivalent overall simulation time,

that is 365 days after 7 years and three months (the overlap in Fig. 2). The results of the grid convergence study are shown

in Figure 4. We find that ocean temperatures as well as melt rates converge when increasing the grid resolution first from

10 km to 4 km (equivalent 250 %) and then to 2 km (equivalent 500 %). Grid convergence confirms that we start resolving190

the processes most critical to our problem. The model solution, however, has not yet reached asymptotic behaviour, motivating

further refinement.

Figure 4. Grid convergence. Annual means of average melt rate and continental shelf potential temperature resolved at the different horizontal

resolutions: 10 km (0 % increase), 4 km (250 % increase) and 2 km (500 % increase). Continental shelf temperatures have been calculated

for depths shallower than 1500 m and including the ice shelf cavities (see Fig. 1). Continental shelf processes converge when grid spacing is

refined.

When increasing the grid resolution from 10 km to 4 km, the shelf ocean cools at many places, most likely due to better

resolved tidal processes. We find that resolution-induced changes in depth averaged temperature are governed by changes in

the bottom sigma layer (not shown). Figure 5 shows how bottom sigma layer temperatures change with increasing resolution.195

The ocean cools at many places when refining the horizontal grid spacing from 10 km to 4 km (Fig. 5a). Differences exceed

1 ◦C in the eastern Bellingshausen Sea and in the eastern Ross Sea, and are on the order of 0.25 ◦C in the Amundsen Sea and

around the East Antarctic coastline. We attribute most of these changes to better resolved tidal processes, based on additional

sensitivity experiments that remove the tides (not shown). For example, activating tides in the model at 4 km resolution also

leads to warm water intrusions that extend under the north-western part of the Ronne Ice Shelf and ocean temperature changes200

that resemble a dipole pattern in the eastern Ross Sea. Also, in both cases, effects are well constrained by the continental shelf
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break, where tides start to weaken with increasing water column thickness. Finally, the overall reduction in continental shelf

temperature has a similar magnitude in both experiments.

In contrast, increasing the resolution further (from 4 km to 2 km, see Fig. 5b) leads to a warming of the Amundsen-

Bellingshausen Seas continental shelf. Even though the shelf temperature of the total domain still decreases slightly at the205

second resolution step, the Amundsen-Bellingshausen Seas is warming. As mentioned earlier, this phenomenon is often asso-

ciated with shoreward heat transport by eddies that need a grid spacing on the order of 1 km to be resolved by ocean models

(Dinniman et al., 2016; Mack et al., 2019). The cooling north of Nickerson, Sulzberg and Swinburne Ice Shelves might be

a consequence of this warming, as the continental shelf current drives melt water from the Amundsen-Bellingshausen Seas

mostly westward (Nakayama et al., 2017).210

3.3 Off Shelf Hydrography

To assess the broad-scale hydrography simulated in WAOM, we compare results against SOSE (Mazloff et al., 2010), a high

quality ocean reanalysis product (See Section 2.6). Figure 6 presents the temperature-salinity distribution for WAOM and

SOSE. At depth WAOM agrees well with SOSE in many aspects. In both models we identify the presence of Circumpolar

Deep Water (CDW), Modified Circumpolar Deep Water (MCDW), Low-Salinity Shelf Water (LSSW), Antarctic Bottom Water215

(AABW), Weddell Sea Bottom Water (WSBW), and Ross Sea Bottom Water (RSBW). We note that High Salinity Shelf Water

(HSSW) is poorly represented in both models (e.g. see Nicholls et al., 2009, their Fig. 3, for observed HSSW properties in the

Weddell Sea), which is likely related to the representation of sea ice and resulting surface fluxes. Below 2000 m depth, WAOM’s

RSBW and WSBW are up to 0.5 psu saltier than suggested by SOSE. This discrepancy might in part originate from WAOM’s

boundary conditions, as ECCO2’s bottom water features salinities of up to 34.7 psu (slightly more than SOSE; not shown).220

Stronger water mass transformation in WAOM compared to SOSE, however, might also play a role, as WAOM’s WSBW is

in part saltier than 34.8 psu and this can not be explained with boundary conditions alone. An unambiguous attribution would

require further investigations beyond the scope of this study.

At shallow depths, however, the models disagree. Antarctic Surface Water (AASW) tends to be several degrees warmer in

WAOM compared to SOSE, where the surface is often close to freezing. As the deep and often salty ocean mixes with these225

surface waters, different tails are shaped in T-S space. While WAOM’s surface water is often warmer than the ocean at depth,

temperatures and salinities of SOSE’s upper ocean mostly resemble freezing conditions. Which of the models is more accurate

close to the surface and what is causing the differences is not clear. Figure 8 shows the temperature-salinity distribution for

WAOM on the continental shelf and separated by sector. These distributions show that the warm surface waters in WAOM are

mostly restricted to the off-shelf ocean and likely driven only by regional phenomena in the Bellingshausen Seas.230

In contrast to SOSE, WAOM is capable of resolving Ice Shelf Water (ISW). ISW is produced by ice-ocean interaction inside

the ice shelf cavities and often forms characteristic linear signatures in T-S space (Gade lines, see Gade, 1979). The z-like

signature of ISW in the Ross Sea is likely caused by continued mixing of ISW from one ice shelf inside the cavity of another

ice shelf downstream and this further supports the presence of ice shelf teleconnections.
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Figure 5. The effect of model resolution on bottom layer temperature. Change in annual average bottom sigma-layer potential temperature

when increasing the horizontal model resolution from (a) 10 km to 4 km and (b) 4 km to 2 km. Black contour lines indicate the 1500 m

isobath and ice shelf fronts.
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Figure 6. Water masses resolved by WAOM and SOSE. Potential temperature-salinity-depth distribution of the water masses apparent south

of 65 ◦S in (a) WAOM and (b) SOSE. Each grid cell in either model has been sorted into 1000x1000 temperature and salinity bins and the

depth shown for each bin is the volume-weighted average of all the grid cells in this bin. The dashed black lines show the freezing point at the

surface and the dotted grey lines are potential density anomaly contours (in kmm−3 − 1000; referenced to the surface). Labels in (a) indicate

the water masses Antarctic Bottom Water (AABW), Weddell Sea Bottom Water (WSBW), Ross Sea Bottom Water (RSBW), Circumpolar

Deep Water (CDW), Modified Circumpolar Deep Water (MCDW), Low-Salinity Shelf Water (LSSW), High-Salinity Shelf Water (HSSW),

Antarctic Surface Water (AASW) and Ice Shelf Water (ISW). Remaining labels indicate specific regions from where some water masses

originate (also see Fig. 8).
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The stratification of WAOM agrees well with SOSE for the off-shelf ocean and, as expected, diverges towards the ice235

shelves. Figures 7a to 7d show longitudinal transects of temperature and salinity of both models. In the open ocean away

from the continental shelf break, the solutions agree and this supports realistic boundary constraints and mixing processes in

WAOM. Towards the shelf break and on the continental shelf WAOM resolves substantially colder and fresher waters compared

to SOSE, which we interpret as the result of melt water from the ice shelf cavities.

WAOM also often shows stronger vertical mixing close towards the continental shelf, possibly caused by surface forcing,240

tides or pressure gradient errors. The ocean close to the continental shelf is often well mixed in WAOM, but remains relatively

stratified in SOSE (as, e.g., can be seen in Prydz Bay transect, Fig. 7d) and this could have various reasons. First, brine rejection

in sea ice polynyas is known to cause deep mixing of the entire water column (e.g. Silvano et al., 2018). While WAOM and

SOSE use the same mixed layer parameterisation (KPP), different surface forcing and melt water in WAOM might change the

sensitivity to deep convection. Second, SOSE does not include tides. Tidal currents are known to contribute to ocean mixing and245

tidal strength amplifies towards shallower waters (e.g. Padman et al., 2009). Finally, spurious currents from pressure gradient

errors at steep sloping topography in sigma-coordinate ocean models might also contribute to more mixing in WAOM (Mellor

et al., 1994, 1998). This argument is supported by the fact that WAOM produces enhanced mixing also in the vicinity of deep

ocean ridges, e.g., in the Ross Sea (Fig. 7b).

3.4 On Shelf Hydrography250

Observations on the continental shelf are sparse and cover only short periods of time, which often do not coincide with our

simulation. Thus, we do not expect model results to closely match available measurements. Rather, in the following section,

we showcase that the model qualitatively captures many of the known, critical features of the onshelf hydrography around

Antarctica.

WAOM resolves the important water masses in the Weddell Sea, including Warm Deep Water (WDW) and large amounts of255

ISW (as shown in Fig. 8; see Nicholls et al., 2009, their Fig. 3). Figure 9a shows a temperature-salinity transect in front of the

Filchner Ice Shelf at 35 ◦W. This transect reveals that ISW resides at the bottom of the Filchner trough while warmer waters

at mid depth resemble characteristics of Modified Weddell Deep Water or Eastern Shelf Water (also shown in Nicholls et al.,

2009, their Fig. 7).

In contrast, deep waters in the Amundsen Sea sector feature some of the highest temperatures of the entire Antarctic conti-260

nental shelf (see Fig. 8). Figure 9b shows the temperature and salinity distributions along 106 ◦W, indicating that these CDW

intrusions are overlaid by colder Winter Water and only held stable by a large gradient in salinity (in agreement with, e.g.

Jacobs et al., 2011).

Figure 9c shows a temperature-salinity transect on the continental shelf of Prydz Bay along 72 ◦E. Inside the Amery Ice

Shelf cavity HSSW and ISW can be seen at the bottom and top of the water column, respectively. Further, we detect Dense265

Shelf Water with salinities of more than 34.5 psu at depth greater than 500 m (Fig. 8, described by, e.g. Williams et al., 2016).

CDW is held back from entering the continental shelf in this region by the Antarctic Slope Front (in agreement with, e.g. Guo

et al., 2019, their Fig. 2).
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Figure 7. Temperature-Salinity distribution in (a) the Weddell Sea along 45 ◦W, (b) Ross Sea along 180 ◦W, (c) Bellingshausen Sea along

75 ◦W and (d) Prydz Bay along 70 ◦E. Transect locations are shown in Figure 1.
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Figure 7. Temperature-Salinity distribution in (a) the Weddell Sea along 45 ◦W, (b) Ross Sea along 180 ◦W, (c) Bellingshausen Sea along

75 ◦W and (d) Prydz Bay along 70 ◦E. Transect locations are shown in Figure 1. (cont.)
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Figure 8. Water masses on the continental shelf for individual sectors. Same as Fig. 6a, but only for the continental shelf ocean and separated

into individual sectors. The sub-ice shelf ocean is included and the continental shelf is defined using the 1500 m isobath (shown together

with the sector boundaries in Fig. 1).
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Figure 9. Temperature-Salinity distribution on (a) the Weddell Sea continental shelf at 35 ◦W, (b) the Amundsen Sea at 106 ◦W, (c) the

Prydz Bay at 72 ◦E and (d) the Sabrina Coast at 120 ◦E. Inlets show the transect locations.

18



Figure 9. Temperature-Salinity distribution on (a) the Weddell Sea continental shelf at 35 ◦W, (b) the Amundsen Sea at 106 ◦W, (c) the

Prydz Bay at 72 ◦E and (d) the Sabrina Coast at 120 ◦E. Inlets show the transect locations. (cont.)
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Along the Sabrina and George V coasts, however, some MCDW crosses the continental shelf break, e.g. in front of the Totten

Ice Shelf. This is demonstrated by the temperature-salinity distribution along 120 ◦E in Figure 9d. Once on the shelf MCDW270

competes with the lighter WW which occupies most parts of the shelf ocean close to the coast (in agreement with, e.g. Silvano

et al., 2017, their Fig. 2 and 3).

AASW with temperatures well above freezing can be seen in all transects (Fig. 9a to 9d). We identify advection of these

surface waters into the outer cavities of the Amery ice shelf (see Fig. 9c) and the Totten ice shelf (see Fig. 9d; in agreement

with Silvano et al., 2017, their Fig. 2).275

3.5 Ice Shelf Melting

Estimates of ice shelf basal mass loss generally agree with satellite observations in many regions. Figure 10 compares mass

loss estimates for major ice shelves and Antarctica in total from this study against estimates from satellite observations and

other ocean models (see Tab. A1 for underlying data). Using all ice in the model (according to Bedmap2, see Section 2.6), we

calculate a total mass loss of 1209 Gt/yr (equivalent to an average melt rate of 0.82 m/yr). This is only 4 % below the range280

of estimates based on remote sensing data and models of surface processes (1263 Gt/yr to 1737 Gt/yr; Rignot et al., 2013;

Depoorter et al., 2013; Liu et al., 2015). Regionally, the model and data show larger differences for some ice shelves (Pine

Island, Getz, combined Brunt and Riiser-Larsen, Shackleton, combined Totten and Moscow University), but are in agreement

or close to others (George VI, Abbot, combined Fimbulisen and Jelbart, Filchner-Ronne, Larsen C, Ross, Amery). In most

regions of disagreement (Pine Island, Getz, Shackleton, combined Totten and Moscow University), satellite estimates suggest285

higher melting consistent with results from regional studies (e.g. Gwyther et al., 2014, for Totten and Moscow University Ice

Shelves; Dutrieux et al., 2013, and Shean et al., 2018, for Pine Island Ice Shelf; Jacobs et al., 2013, for Getz Ice Shelf).

Melting and refreezing at high resolution shows that WAOM resolves many of the key features known from observations.

Figure 11 presents ice shelf basal melt rates and bottom layer temperature around Antarctica from this study. In cold regimes,

for example, HSSW often drives strong melting along deep grounding lines followed by refreezing along western outflows290

(defined as Mode 1 melting by Jacobs et al., 1992). WAOM’s melt rates resemble this pattern at many places under the large

cold water ice shelves in agreement with regional studies (e.g. under the Filchner-Ronne Ice Shelf in agreement with Holland

et al., 2007; under the Larsen C Ice Shelf in agreement with Holland et al., 2009; under the Amery Ice Shelf in agreement with

Galton-Fenzi et al., 2012).

It is further known that ice-ocean interaction in the Amundsen-Bellingshausen Seas is governed by intrusions of warm CDW295

that drive strong melting at all depths (Mode 2 melting; see, e.g. Pritchard et al., 2012; Rignot et al., 2013). WAOM resolves

this mode of melting for most ice shelves in this region and features bottom layer temperatures comparable to that observed

(often warmer than 1 ◦C; see, e.g. Schmidtko et al., 2014, their Fig. 1A; Pritchard et al., 2012, their Fig. 2).

WAOM also resolves other features in cold water regions that agree with observations. For example, the model indicates

enhanced melting in the northwestern part of Ronne Ice Shelf, while predicting refreezing north of Henry Ice Rise and east of300

Berkner Island. All of these features are also reported by Joughin and Padman (2003) and Rignot et al. (2013), even though

the magnitude and extent of marine ice accretion is generally lower in the model. Further, the model predicts elevated melt
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Figure 10. Ice shelf basal mass loss from models and satellite observations (equiv. Tab. A1). Estimates of ice shelf basal mass loss for

total Antarctica and major ice shelves individually derived from previous ocean-models (Hellmer, 2004; Timmermann et al., 2012; Mathiot

et al., 2017; Naughten et al., 2018b), this study and methods combining satellite data with models of surface processes (Rignot et al., 2013;

Depoorter et al., 2013; Liu et al., 2015). Among the satellite studies, only Liu et al. (2015) avoids the assumption of a steady state calving

front when inferring basal conditions (see Liu et al., 2015, for implications).
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Figure 11. Ice shelf melting and bottom layer temperatures. Annual ice shelf basal melt rate is shown where ice shelves are present (negative

is refreezing, note the shifted colorbar). Colors seaward of ice shelves show the annual average bottom sigma layer potential temperature.

Thin black lines represent the 1500 m isobath.
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rates along the deep keel of the Fimbul Ice Shelf and this has also been reported by a well constrained regional simulation by

Hattermann et al. (2014).

The final melting mode (Mode 3) describes elevated melt rates close to the ice front and WAOM suggests that this melting305

is apparent everywhere. Jacobs et al. (1992) hypothesise that intrusions of warm surface waters cause strong melting at the

frontal zone of ice shelves (often defined as outermost 50 km) at most places around Antarctica. In situ observations have

confirmed Mode 3 melting for parts of the Ross, McMurdow and Fimbul Ice Shelf (e.g. Hattermann et al., 2012; Stern et al.,

2013; Stewart et al., 2019) and WAOM suggests elevated melt rates in all these regions, with melt rate magnitudes comparable

to the observations: about 3 m/yr at the Ross ice shelf front (see Horgan et al., 2011; Stewart et al., 2019) and about 1 m/yr310

at Windless Bight (see Stern et al., 2013). The simulation results further suggest ice shelf front melting is not limited to these

regions, but rather is a widespread feature.

4 Discussion

Compared to other models, WAOM includes an eddy resolving resolution, tides and accurate polynyas, a first for a circum-

Antarctic ice-ocean simulation. These features are critical for resolving ocean-ice shelf interactions accurately and, thus, we315

consider ice shelf melting and the causal oceanic mechanisms at improved resolution as WAOM’s most valuable contribution

to ice shelf-ocean research. These melt rates are fully independent from satellite based approaches and will provide new,

quantitative insights into the driving mechanisms of ice shelf melting in a pan-Antarctic context. Further, idealized studies

have started to explore the average behaviour of the ice shelf cavity system, including its response to a warming ocean (e.g.

Holland et al., 2008; Little et al., 2009; Gwyther et al., 2016; Holland, 2017). WAOM provides 176 realistic ice shelf cavities320

with a single simulation spanning the entire range of present day geometries and ocean conditions. Exploring relations in the

average quantities between these systems might help to extrapolate the overall future response of ice shelf melting around

Antarctica. Finally, ocean-models are well suited for perturbation experiments and, in the case of WAOM, these can be used to

study ocean-ice processes in more detail, for example, the impact of tides or ice shelf teleconnections.

Against expectations, coarsening the model resolution results in an overall warming of the continental shelf ocean and we325

attribute this to less accurate resolved tidal processes. Previous studies without tides generally suggest a warming trend of the

continental shelf when increasing the resolution from tens of kilometres to kilometres (e.g. Dinniman et al., 2015; Naughten

et al., 2018b). This behaviour has been attributed to better resolved bathymetric features, such as troughs, and eddies that act

to increase heat transport onto the shelf (Nakayama et al., 2014; Stewart and Thompson, 2015). The results presented here

support the importance of shoreward heat flux by eddies and bathymetry in some regions, e.g., the Amundsen-Bellingshausen330

Seas. The overall picture, however, is dominated by different processes. Compared to our most complex simulation (2 km

resolution and with tides), coarsening the horizontal resolution or deactivating tides (not shown) leads to a warmer continental

shelf with similar regional changes. It appears that a poor representation of tides causes overestimated heat transport onto the

shelf or underestimated heat loss out of the shelf ocean. The latter could be caused by decreased heat loss to the surface or a
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spuriously low conversion rate of heat into ice shelf melting. These findings stress the importance of resolving tides at 4 km335

horizontal resolution or finer in large-scale models.

Quantifying changes in the heat budget of the continental shelf ocean and determining the exact tidal mechanism responsible

for the model behaviour will require future studies. We hypothesise, however, that vertical mixing on the continental shelf due

to internal tide breaking could play an important role. This is based on the following. First, by means of a high resolution

circum-Antarctic simulation, Stewart et al. (2018) conclude that tide driven exchanges across the continental shelf break are340

mostly balanced by mean flow, and, second, the generation of internal tides is sensitive to horizontal model resolution with

4 km being sufficient to resolve the most critical aspects (Robertson, 2006; Padman et al., 2006).

WAOM underestimates melting for some ice shelves and we speculate boundary conditions to be the cause. A cold bias

in the Amundsen-Bellingshausen Seas is a common issue in large scale models (e.g. Naughten et al., 2018b) and has been

attributed to, either, insufficient transport of deep ocean heat onto the continental shelf (as mentioned earlier), insufficient345

transport of onshelf heat into the sub-ice shelf cavities or underestimated conversion efficiency of heat into melting inside

the cavity (Nakayama et al., 2014; Dinniman et al., 2015). In our simulation, onshelf ocean temperatures in the Amundsen-

Bellingshausen Seas are comparable to observations and where deep warm water intrusions reach the ice shelf cavities melt

rates also agree (e.g. for George V and Abbot). Therefore, we expect insufficient transport of onshelf heat into the cavities to be

the cause of underestimated melt rates in the model (e.g. for the ice shelves Pine Island, Getz and Totten, compared to Rignot350

et al., 2013; Depoorter et al., 2013; Liu et al., 2015). There are a multitude of mechanisms that could prevent onshelf heat from

entering the cavity and that could vary between regions. For example, at Pine Island Ice Shelf, Davis et al. (2018) shows that

local wind forcing modulates thermocline depth, which in turn controls the access of CDW into the cavity on weekly to monthly

timescales. We do not account for the effect of sea ice on surface wind stress in the model and, thus, a bias in thermocline depth

might cause low melting in this region. In contrast, for Totten and Moscow University Ice Shelves we attribute underestimated355

heat flux into the cavity mostly to a bathymetry bias. A regional model by Gwyther et al. (2014) resolves similar continental

shelf temperatures, but uses a cavity thickness which is 5 times larger along the centreline compared to Bedmap2, and this

model resolves melt rates comparable to satellite estimates.

We consider unresolved sea ice-ocean interactions as the major limitation of WAOM. The ocean connects ice shelf melting

and sea ice in a complex manner (Hellmer, 2004; Padman et al., 2018), having motivated many previous studies to include sea360

ice models (e.g. Hellmer, 2004; Timmermann et al., 2012; Naughten et al., 2018b). This study, however, prioritises accurate

polynyas by prescribing surface fluxes from sea ice observations. While this is likely to result in more accurate melt rates at

the base of the ice shelves, WAOM can not be used to study processes for which sea ice interaction is critical. Future efforts

aiming to use WAOM for simulating periods beyond the observational record will need to incorporate a dynamic sea ice model

or carefully prescribe surface flux anomalies.365

The many wasted land cells in WAOM’s domain could also be considered a limitation, but the model design simplifies future

coupling with models of ice sheet flow. WAOM’s curvilinear grid using a south polar projection necessitates masking of more

than one third of all computational cells, wasting valuable resources with the model integration timestep. This design, however,

has been chosen to simplify future efforts that aim to couple WAOM with models of Antarctic ice sheet flow (e.g. Jong et al.,
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2017), as these coupled models are ultimately needed to improve sea level rise predictions (e.g. Colleoni et al., 2018). Also370

in regards to coupling, ROMS includes routines to resolve sediment transport and passive tracers (see, e.g. Dinniman et al.,

2003; Sherwood et al., 2018, for applications) and activating these options in WAOM will likely be of interest for geological

and biological studies.

To further improve the accuracy of WAOM, future development should focus on the following aspects.

– Establishing an evaluation matrix for circum-Antarctic ice shelf-ocean models would open the path for efficient param-375

eter tuning (similar to Nakayama et al., 2017) and allow the community to compare the performance between different

models (see Naughten et al., 2018b). Many kinds of observations are useful for this, including ice shelf basal melting

from phase-sensitive radar (ApRES), as well as ocean measurements from Conductivity(Salinity)-Temperature-Depth

(CTD) sensors, Acoustic Doppler Current Profilers (ADCP) and turbulence measurement packages. These ocean in-

struments can be mounted on Autonomous Underwater Vehicles (AUVs) with under ice capability, underwater gliders,380

drifting floats, moorings and Seals. When rating the model performance against such observations, uncertainties of the

underlying methods and the spatial and temporal variability of the observed quantities must be carefully considered.

ApRES seems particularly suitable for large scale model evaluation as it comprises a robust and cheap method to observe

basal melt rates over longer time periods. As more ApRES measurements are becoming available, their compilation could

provide the backbone for such an evaluation matrix, similar to tide gauge measurements for tidal accuracy (King and385

Padman, 2005). Comparison of a wide array of ApRES data is already underway with the NECKLACE programme1.

– Future field campaigns should be guided by model results. To explain why WAOM underestimates the heat flux into

the cavities of some of the warm water ice shelves (Pine Island, Getz, combined Brunt and Riiser-Larsen, Shackleton,

combined Totten and Moscow University), more ocean measurements, including bathymetry, should be taken near the

front of these ice shelves. Also, ApRES measurements are particularly valuable where high resolution satellite estimates390

have their greatest uncertainties, that is in calving regions and close to grounding lines. Although, crevasses are often

present in these regions and can impede the successful interpretation of ApRES results.

– Accurate bathymetry on the open continental shelf and inside the sub-ice shelf cavities is essential to resolve warm water

intrusions, critical for ice shelf melting and consequent melt water export. Thus, the model bathymetry should be updated

according to regional surveys (e.g. Millan et al., 2017; Nash, 2019).395

– Studying individual aspects of the model will help gain trust in quantitative results. Schnaase and Timmermann (2019),

for example, show that artificially deepening the water column thickness near grounding zones (necessary for numerical

stability), does not affect ice shelf average melt rates, and Malyarenko et al. (2019) suggest that the unrealistic ice front

representation in sigma-coordinates, could actually account for unresolved small scale processes. Wind stress has been

shown to impact ice shelf melting (Davis et al., 2018; Greene et al., 2017), but how sea ice modulates momentum flux400

from the atmosphere into the ocean is still an open question (Lüpkes and Birnbaum, 2005; Nøst et al., 2011).

1NECKLACE programme: http://www.soos.aq/news/current-news/330-necklace-workshop-update.
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– The number of wasted land cells in WAOM could be reduced by applying nested grids with coarser resolution in ice

sheet areas.

– Finally, including parallel input-output in WAOM would allow for efficient parallelisation at 2 km resolution. The gain in

computational cost might make longer simulation periods feasible or allow for a further increase in horizontal resolution405

until continental shelf quantities converge.

We propose the following experiments to harness the strengths of WAOM.

– Deactivating tides in the model would lead to a first estimate of the impact of tides on Antarctic-wide ice shelf melting

and can likely be used to gain further insights into the mechanisms governing tidal melt.

– Experiments that trace individual water masses, such as ISW or AASW, could be used to study the role of ice shelf410

teleconnections in a pan-Antarctic context or attribute ice shelf mass loss to the individual melting modes.

– Repeating the resolution experiment introduced in this study, but, successively deactivating tides and keeping the bathymetry

resolution constant, would unravel the impact of grid spacing on shoreward heat flux from tides, eddies and bathymetry.

– Finally, applying anomalies from future climate projections to the boundary forcing (e.g. from CMIP5; Taylor et al.,

2011) could be used to study the response of Antarctic ice shelf melting to warming oceans. This experiment would not415

just add another estimate that complements other model results by Naughten et al. (2018b), but offers valuable sample

points of the average behaviour of the ice shelf cavity system.

5 Summary and Conclusion

Here, we present the Whole Antarctic Ocean Model (WAOM v.1.0). WAOM overcomes two major shortcomings of previous

circum-Antarctic ocean-ice shelf models by the inclusion of tides and a horizontal resolution which is high enough to resolve420

critical shoreward heat transport by eddies (e.g. Dinniman et al., 2016). We have simulated present day conditions by spinning

up the model to a quasi equilibrium with repeated 2007-forcing.

Model results compare well against available observations. Continental shelf ocean temperatures and ice shelf melting

converge with increasing model resolution, but a further refinement to 1 km grid spacing is likely needed to reach asymptotic

behaviour. The accuracy of tidal height signals at the coast is comparable to state-of-the-art barotropic tide models and the425

off-shelf hydrography agrees well with SOSE, which assimilates most of the available observations in the Southern Ocean.

On the continental shelf, where observations are sparse, WAOM resolves realistic hydrography, e.g., featuring bottom layer

temperatures of 1 ◦C in the Amundsen-Bellingshausen Seas and WDW in the Weddell Sea. Ice shelf melting and marine ice

accretion at high resolution show that WAOM captures the known modes of melting, often in agreement with regional studies.

Ice shelf average melt rates agree with satellite observations at many places, but indicate a cold bias for some of the warm430

water ice shelves in the Amundsen-Bellingshausen Seas as well as the Totten and Moscow-University Ice Shelf System. We
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attribute these discrepancies to insufficient heat flux from the continental shelf into the sub-ice shelf cavities, likely due to

regional uncertainties in bathymetry or wind stress.

To further improve WAOM, future studies should mostly focus on compiling available observations of ice-ocean interac-

tion around Antarctica. Efforts are underway to collect all available ApRES measurements of ice shelf basal melting around435

Antarctica (the NECKLACE programme) and this could form the base for a consistent evaluation matrix of large scale ice

shelf-ocean models. Such a framework would not just help to tune model parameters in an efficient manner, but also compare

the performance between different models and, thus, focus community model development. Further, the bathymetry in WAOM

should be updated where regional products are available and future studies should target individual, uncertain aspects in the

model, such as how sea ice modulates wind stress and the representation of surface water advection under the ice front.440

Resolving ice shelf-ocean interaction at high resolution is the main purpose of WAOM. The only available estimate of

Antarctic-wide ice shelf basal melting at high resolution has been derived from satellite observations and models of surface

processes with unknown uncertainty (Rignot et al., 2013). Thus, new estimates derived from a fully independent method, that

also offers an ocean consistent to the melt rates, is likely to result in new insights into the governing processes that drive

Antarctic ice shelf melting. Further, WAOM is well suited for giving a first estimate of circum-Antarctic tidal melting and to445

explore the average behaviour of all ice shelf cavity systems found around the continent. WAOM is not coupled to a dynamic

sea ice model and, thus, future simulations will need estimates of sea ice-ocean fluxes from climate models. Alternatively,

WAOM could be coupled to a sea ice model, in a manner similar to Naughten et al. (2018b).

To reduce uncertainties in predictions of future sea level rise and climate, models will ultimately need to resolve interaction

between the Antarctic ice sheet and the Southern Ocean over glaciological timescales (e.g. Colleoni et al., 2018). Code that450

communicates the shared properties between ice sheet and ocean models is now available (Jong et al., 2017), and idealized and

regional applications with ROMS show promising results (as discussed in Asay-Davis et al., 2017). WAOM has been designed

to provide the ocean component of a coupled Antarctic-wide application and this study presented development and evaluation

of a present day simulation and is a major step towards this goal.

Code and data availability. The model output can be obtained from the authors upon request. The source code and configuration files used455

for the simulations described here are archived at http://doi.org/10.5281/zenodo.3738985 (Richter, 2020a), while the maintained version is

publicly available at https://github.com/kuechenrole/waom. The grid files, atmospheric forcing, initial conditions, and northern boundary

conditions can be obtained from the authors upon request. The Python and Matlab scripts used to generate the grid and forcing files and to

perform the analysis on the model output are archived at http://doi.org/10.5281/zenodo.3738998 (Richter, 2020b) and the maintained version

of these scripts is publicly available at https://github.com/kuechenrole/antarctic_melting.460

Appendix A: Antarctic Ice Shelf Melting From Observations and Models

27

http://doi.org/10.5281/zenodo.3738985
https://github.com/kuechenrole/waom
http://doi.org/10.5281/zenodo.3738998
https://github.com/kuechenrole/antarctic_melting


Ta
bl

e
A

1.
A

nt
ar

ct
ic

ic
e

sh
el

fb
as

al
m

as
s

lo
ss

fr
om

m
od

el
s

an
d

sa
te

lli
te

ob
se

rv
at

io
ns

.M
od

el
lin

g
st

ud
ie

s
ar

e
H

el
lm

er
(2

00
4)

;T
im

m
er

m
an

n
et

al
.(

20
12

);
D

in
ni

m
an

et
al

.(
20

15
);

Sc
ho

dl
ok

et
al

.(
20

16
);

M
at

hi
ot

et
al

.(
20

17
);

N
au

gh
te

n
et

al
.(

20
18

b)
an

d
st

ud
ie

s
us

in
g

sa
te

lli
te

ob
se

rv
at

io
ns

an
d

m
od

el
s

of
su

rf
ac

e
pr

oc
es

se
s

ar
e

R
ig

no
te

ta
l.

(2
01

3)
;D

ep
oo

rt
er

et
al

.(
20

13
);

L
iu

et
al

.(
20

15
).

A
m

on
g

th
e

sa
te

lli
te

st
ud

ie
s,

on
ly

L
iu

et
al

.(
20

15
)

av
oi

ds
th

e
as

su
m

pt
io

n
of

a
st

ea
dy

st
at

e
ca

lv
in

g

fr
on

tw
he

n
in

fe
rr

in
g

ba
sa

lc
on

di
tio

ns
(s

ee
L

iu
et

al
.,

20
15

).
R

ig
no

t2
01

3
(h

r
da

ta
)

es
tim

at
es

ha
ve

be
en

ca
lc

ul
at

ed
by

in
te

gr
at

in
g

th
e

hi
gh

re
so

lu
tio

n
so

lu
tio

n
fr

om

R
ig

no
te

ta
l.

(2
01

3)
ov

er
ic

e
sh

el
fa

re
as

de
fin

ed
by

M
E

aS
U

R
E

S
bo

un
da

ri
es

(M
ou

gi
no

te
ta

l.,
20

16
).

O
nl

y
es

tim
at

es
L

iu
et

al
.(

20
15

)(
no

n
st

ea
dy

ac
co

un
tf

or
va

ri
ab

le

ca
lv

in
g

ra
te

s.
N

au
gh

te
n

et
al

.(
20

18
b)

an
d

M
at

hi
ot

et
al

.(
20

17
)

ar
ea

av
er

ag
e

m
el

tr
at

es
fo

r
in

di
vi

du
al

ic
e

sh
el

ve
s

ha
ve

be
en

ca
lc

ul
at

ed
us

in
g

ar
ea

de
fin

iti
on

s
fr

om

R
ig

no
te

ta
l.

(2
01

3)
.A

bb
re

vi
at

io
ns

ar
e

m
el

tr
at

e
(w

b
)a

nd
B

as
al

M
as

s
L

os
s

(B
M

L
).

B
M

L
(G

t/y
r)

w
b

(m
/y

r)
A

re
a

(1
0
3
k
m

2
)

T
hi

ss
tu

dy
(M

E
aS

U
R

E
S)

T
hi

ss
tu

dy
(B

ed
m

ap
2)

R
ig

no
t

20
13

(I
S

flu
x)

er
ro

r
R

ig
no

t
20

13
(h

r
da

ta
)

L
iu

20
15

(n
on

st
ea

dy
)

er
ro

r
L

iu
20

15
(s

te
ad

y
st

at
e)

er
ro

r
D

ep
oo

rt
er

20
13

er
ro

r
H

el
lm

er
20

04
Ti

m
m

er
m

an
n

20
12

D
in

ni
m

an
20

15
Sc

ho
dl

oc
k

20
16

M
at

hi
ot

20
17

N
au

gh
te

n
20

18
(M

et
R

O
M

S)

N
au

gh
te

n
20

18
(F

E
SO

M
H

R
)

To
ta

lA
nt

ar
ct

ic
a

97
3.

34
12

09
.1

0
15

00
.0

0
23

7.
00

89
6.

87
15

16
.0

0
10

6.
00

12
90

.0
0

11
0.

00
14

54
.0

0
17

4.
00

90
6.

60
16

00
.0

0
66

4.
00

17
35

.0
0

18
64

.0
0

64
2.

00
73

9.
00

0.
70

0.
82

0.
85

0.
10

0.
64

1.
10

0.
10

0.
90

0.
10

0.
94

0.
11

0.
80

1.
20

-
1.

16
0.

52
0.

56
15

23
.3

3
16

17
.6

2
15

61
.4

0
15

25
.0

3
15

42
.1

1
15

42
.1

1
15

55
.0

0
12

33
.0

0
15

10
.0

0
-

16
25

.0
0

13
49

.0
0

14
38

.0
0

A
m

er
y

10
.5

6
10

.0
3

35
.5

0
23

.0
0

34
.5

0
95

.0
0

8.
00

63
.0

0
9.

00
39

.0
0

21
.0

0
17

.6
5

17
4.

00
20

7.
00

91
.0

0
71

.4
0

0.
19

0.
18

0.
58

0.
40

1.
70

0.
10

1.
10

0.
20

0.
65

0.
35

0.
35

2.
90

1.
10

1.
25

3.
73

1.
64

1.
29

59
.1

3
60

.5
3

60
.6

5
62

.2
3

62
.2

3
60

.0
0

55
.0

0
67

.0
0

60
.6

5
60

.6
5

60
.6

5
To

tt
en

&
M

os
co

w
U

ni
.

13
.2

6
18

.3
9

90
.6

0
8.

00
60

.3
7

12
2.

00
12

.0
0

90
.0

0
12

.0
0

92
.0

0
19

.0
0

9.
50

9.
30

1.
25

1.
52

7.
66

0.
73

10
.6

8
1.

02
7.

86
1.

02
7.

41
1.

62
2.

06
0.

88
0.

86
11

.6
0

13
.2

3
11

.8
3

12
.5

5
12

.5
5

12
.0

0
11

.8
3

11
.8

3
Sh

ac
kl

et
on

17
.1

2
23

.6
3

72
.6

0
15

.0
0

46
.6

8
96

.0
0

7.
00

60
.0

0
7.

00
76

.0
0

23
.0

0
47

.6
8

14
.0

0
14

.3
0

17
.4

0
0.

74
0.

88
2.

78
0.

60
3.

39
0.

26
2.

14
0.

26
2.

20
0.

67
1.

04
0.

52
0.

59
0.

60
0.

73
25

.2
6

29
.2

1
26

.0
8

31
.0

0
31

.0
4

35
.0

0
50

.0
0

26
.0

8
26

.0
8

26
.0

8
R

os
s

66
.4

8
69

.1
0

47
.7

0
34

.0
0

26
.2

6
27

.0
0

22
.0

0
71

.0
0

25
.0

0
34

.0
0

25
.0

0
18

0.
20

26
0.

00
11

1.
00

53
.8

0
11

2.
00

0.
15

0.
15

0.
10

0.
10

0.
10

0.
00

0.
20

0.
10

0.
07

0.
05

0.
49

0.
60

0.
14

0.
36

0.
24

0.
12

0.
24

49
0.

40
49

3.
61

50
0.

81
49

7.
78

49
7.

81
47

7.
00

40
1.

00
47

5.
00

50
0.

81
50

0.
81

50
0.

81
L

ar
se

n
C

∗∗
9.

08
13

.1
2

20
.7

0
67

.0
0

3.
90

55
.0

0
7.

00
6.

00
8.

00
18

.0
0

8.
00

38
.1

3
48

.0
0

46
.0

0
18

.2
0

54
.7

0
0.

22
0.

26
0.

45
1.

00
1.

00
0.

10
0.

10
0.

20
0.

30
0.

14
0.

63
1.

00
0.

35
1.

47
1.

08
0.

43
1.

29
45

.6
2

55
.6

6
46

.4
7

57
.0

4
57

.0
4

60
.0

0
66

.0
0

52
.0

0
46

.4
7

46
.4

7
46

.4
7

Fi
lc

hn
er

-R
on

ne
90

.2
5

87
.0

9
15

5.
40

43
.0

0
94

.3
5

10
.0

0
32

.0
0

82
.0

0
37

.0
0

50
.0

0
40

.0
0

11
9.

70
13

8.
00

12
3.

00
46

.0
0

11
5.

40
0.

23
0.

22
0.

32
0.

10
0.

00
0.

10
0.

20
0.

10
0.

12
0.

09
0.

32
0.

35
0.

19
0.

25
0.

30
0.

11
0.

28
43

3.
32

43
3.

95
44

3.
14

42
6.

35
42

6.
35

42
3.

00
40

8.
00

43
8.

00
44

3.
14

44
3.

14
44

3.
14

B
ru

nt
&

R
iis

er
-L

ar
se

n
64

.5
3

68
.4

5
9.

70
14

.0
0

-1
.8

3
20

.0
0

10
.0

0
37

.1
0

10
.0

0
26

.0
0

16
.0

0
16

5.
90

65
.0

0
39

.0
0

29
.2

0
34

.6
0

0.
89

0.
93

0.
12

0.
20

0.
25

0.
12

0.
50

0.
14

0.
33

0.
20

2.
38

0.
94

0.
67

0.
28

0.
53

0.
40

0.
47

78
.8

6
80

.6
5

80
.3

4
81

.8
4

81
.8

4
79

.0
0

76
.0

0
77

.0
0

80
.3

4
80

.3
4

80
.3

4
Fi

m
bu

lis
en

&
Je

lb
ar

t∗
62

.9
4

67
.3

9
22

.5
0

12
.0

0
12

.1
1

55
.1

0
11

.0
0

46
.0

0
11

.0
0

24
.0

0
13

.0
0

24
3.

10
13

0.
00

39
.0

0
30

.3
0

52
.4

0
1.

36
1.

41
0.

43
0.

22
0.

75
0.

12
0.

62
0.

15
0.

52
0.

27
4.

91
2.

80
1.

51
1.

16
0.

82
0.

64
1.

11
50

.5
4

52
.2

0
51

.6
9

78
.0

6
78

.0
6

46
.0

0
54

.0
0

53
.0

0
51

.6
9

51
.6

9
51

.6
9

G
et

z
60

.1
2

67
.1

3
14

4.
90

13
.0

0
11

8.
72

14
9.

00
16

.0
0

96
.0

0
16

.0
0

13
6.

00
23

.0
0

53
.6

4
16

4.
00

33
7.

00
88

.1
0

30
.6

0
1.

99
2.

04
4.

26
0.

40
4.

80
0.

50
3.

10
0.

50
4.

09
0.

68
1.

95
5.

40
0.

66
11

.0
5

10
.8

1
2.

83
0.

98
33

.0
5

35
.8

6
34

.0
2

33
.7

4
33

.7
4

33
.0

0
30

.0
0

35
.0

0
34

.0
2

34
.0

2
34

.0
2

Pi
ne

Is
la

nd
36

.6
5

41
.1

8
10

1.
20

8.
00

58
.6

5
78

.0
0

8.
00

51
.0

0
8.

00
95

.0
0

14
.0

0
13

.0
0

87
.0

0
20

.5
0

9.
50

7.
03

7.
28

16
.2

0
0.

10
14

.0
0

1.
40

9.
10

1.
40

15
.9

6
2.

38
3.

10
1.

62
14

.9
1

15
.2

0
3.

58
1.

66
5.

69
6.

18
6.

25
6.

09
6.

09
6.

00
5.

00
6.

25
6.

25
6.

25
A

bb
ot

73
.6

3
80

.9
3

51
.8

0
20

.0
0

37
.5

0
35

.0
0

7.
00

46
.0

0
7.

00
86

.0
0

22
.0

0
18

.6
0

59
.0

0
52

.0
0

25
.0

0
36

.6
0

2.
60

2.
65

1.
75

0.
60

1.
20

0.
20

1.
60

0.
20

2.
72

0.
70

0.
55

2.
10

0.
34

1.
23

1.
91

0.
92

1.
35

30
.9

0
33

.3
7

29
.6

9
32

.5
1

32
.5

1
32

.0
0

36
.0

0
32

.5
0

29
.6

9
29

.6
9

29
.6

9
G

eo
rg

e
V

I∗
∗∗

14
5.

99
15

2.
31

89
.0

0
17

.0
0

66
.1

8
76

.0
0

13
.0

0
56

.0
0

13
.0

0
14

4.
00

42
.0

0
22

.4
8

86
.0

0
29

8.
00

48
.4

0
32

.5
0

6.
99

7.
06

3.
80

0.
70

4.
02

0.
73

2.
94

0.
67

2.
88

0.
83

0.
43

3.
60

1.
19

7.
99

13
.8

8
2.

25
1.

51
22

.7
9

23
.5

0
23

.4
3

20
.5

9
20

.5
9

50
.0

0
57

.0
0

27
.0

0
23

.4
3

23
.4

3
23

.4
3

∗
L

iu
et

al
.(

20
15

)a
ls

o
in

cl
ud

es
V

ig
ri

d,
N

iv
il,

L
az

ar
ev

,B
or

ch
gr

ev
in

k.
∗
∗

D
ep

oo
rt

er
et

al
.(

20
13

)a
ls

o
in

cl
ud

es
L

ar
se

n
B

.
∗
∗
∗

D
ep

oo
rt

er
et

al
.(

20
13

)a
nd

H
el

lm
er

(2
00

4)
in

cl
ud

es
W

ilk
en

s
an

d
St

an
ge

.

28



Appendix B: Computational Ice Shelf Masks

Figure B1. Difference in ice area definition. Red areas show ice that is excluded when imposing ice shelf boundaries from the MEaSURES

Antarctic Boundaries data set (Mouginot et al., 2016) onto the ice draft from Bedmap2 (Fretwell et al., 2013).
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Appendix C: Model Configuration
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Table C1. Activated ROMS options in WAOM.

Category CPP option Description
Momentum equations UV_COR Coriolis term

UV_VIS2 harmonic horizontal mixing
UV_QDRAG quadratic bottom friction
UV_ADV advection terms
MIX_S_UV mixing along constant S-surfaces
SPLINES_VVISC splines reconstruction of vertical viscosity

pressure gradient DJ_GRADPS splines density Jacobian
Tracer equations TS_A4HADVECTION 4th-order Akima horizontal advection

TS_A4VADVECTION 4th-order Akima vertical advection
TS_DIF2 harmonic horizontal mixing
SALINITY having salinity
MIX_ISO_TS mixing on epineutral (constant RHO) surfaces
NONLIN_EOS nonlinear equation of state
QCORRECTION net heat flux correction
SCORRECTION freshwater flux correction
SURFACE_OVERFLUX_FIX corrections for not having a sea ice model

Vertical mixing LMD_MIXING Large et al. (1994) interior closure
LMD_CONVEC add convective mixing due to shear instability
RI_SPLINES splines reconstruction for Richardson Number
LMD_DDMIX double-diffusive mixing
LMD_RIMIX add diffusivity due to shear instability
LMD_SKPP surface boundary layer KPP mixing
LMD_BKPP bottom boundary layer KPP mixing
LMD_NONLOCAL nonlocal transport
LMD_SHAPIRO shapiro filtering boundary layer depth

Bottom stress LIMIT_BSTRESS limit the magnitude of bottom stress
Model configuration SOLVE3D 3D primitive equations

CURVGRID curvilinear coordinates grid
SPHERICAL spherical grid
AVERAGES writing out NLM time-averaged data
MASKING land/sea masking

Analytical fields ANA_BSFLUX analytical bottom salinity flux
ANA_BTFLUX analytical bottom temperature flux
ANA_SRFLUX analytical surface shortwave radiation flux
SPLINES_VDIFF splines reconstruction of vertical diffusion

Ice shelf ICESHELF including ice shelf cavities
LIMIT_ICESTRESS limit the magnitude of ice shelf basal stress
ICESHELF_3EQN_VBC activate 3-equation ice/ocean thermodynamics

Tides SSH_TIDES imposing tidal elevation
ADD_FSOBC add tidal elevation to processed OBC data
UV_TIDES imposing tidal currents
ADD_M2OBC add tidal currents to processed OBC data
RAMP_TIDES ramping (over one day) tidal forcing

NetCDF input/output PERFECT_RESTART include perfect restart variables
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Table C2. Some key model parameters.

Parameter
value

(10/4/2 km resolution)

Vertical resolution ( # layers) 31

Vertical coordinate transformation equation # 2

Vertical coordinate transformation stretching function # 4

Surface stretching parameter 7

Bottom stretching parameter 8

Critical depth (m) 250

Baroclinic timestep (s) 900/360/180

Barotropic timestep (s) 25/10/5

Horizontal diffusivity (m2s−1) 50/20/10

Horizontal viscosity (m2s−1) 500/200/100

Tracer relaxation time scale (days) 365

Surface elevation relaxation time scale (days) 3

Barotropic momentum relaxation time scale (days) 3

Baroclinic momentum relaxation time scale (days) 3

Open boundary outflow/inflow nudging factor 365
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