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ABSTRACT

The melt rate of Antarctic ice shelves is of key importance for rising sea

levels and future climate scenarios. Recent observations beneath Larsen C Ice

Shelf revealed an ocean boundary layer that was highly turbulent and raised

questions on the effect of these rich flow dynamics on the ocean heat trans-

fer and the ice shelf melt rate (Davis and Nicholls 2019). Directly motivated

by the field observations, we have conducted large-eddy simulations (LES) to

further examine the ocean boundary layer beneath Larsen C Ice Shelf. The

LES was initialised with uniform temperature and salinity (T /S) and included

a realistic tidal cycle and a small basal slope. A new parameterization based

on Vreugdenhil and Taylor (2019) was applied at the top boundary to model

near-wall turbulence and basal melting. The resulting vertical T /S profiles,

melt rate and friction velocity matched well with the Larsen C Ice Shelf ob-

servations. The instantaneous melt rate varied strongly with the tidal cycle,

with faster flow increasing the turbulence and mixing of heat towards the ice

base. An Ekman layer formed beneath the ice base and, due to the strong

vertical shear of the current, Ekman rolls appeared in the mixed layer and

stratified region (depth ≈ 20−60m). In an additional high-resolution simula-

tion (conducted with a smaller domain) the Ekman rolls were associated with

increased turbulent kinetic energy, but a relatively small vertical heat flux.

Our results will help with interpreting field observations and parameterizing

the ocean-driven basal melting of ice shelves.
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1. Introduction35

The melt rate of Antarctic ice shelves is expected to play a crucial role in determining global36

sea level rise in the future. Ice shelves are the floating extensions of ice sheets and act to buttress37

grounded ice (Schoof 2007). Thinning of ice shelves can destabilise the marine-based regions38

of the ice sheet, causing grounded ice flow to accelerate and thereby raising the sea level. In39

a changing climate, altered winds can enhance the flow of warm waters towards ice shelves, for40

example in the Weddell Sea (Hellmer et al. 2012; Darelius et al. 2016) and Amundsen Sea (Jenkins41

et al. 2018; Holland et al. 2019). Warming the waters beneath Antarctic ice shelves will enhance42

their basal melting (Shepherd et al. 2004; Pritchard et al. 2012; Paolo et al. 2015). However, the43

turbulent ice shelf/ocean boundary layer mechanisms that physically transport heat towards the44

ice base are not well constrained and remain a source of major uncertainty in predicting future sea45

level (Dinniman et al. 2016). Here, we use large-eddy simulations (LES) of the ocean beneath an46

ice shelf to examine the influence of turbulence and stratification on the melt rate.47

Observations of the basal melting of Antarctic ice shelves have traditionally been sparse due48

to the difficulty in observing these regions. Recently, borehole observations taken at Larsen C49

Ice Shelf (Figure 1a) provided a glimpse of the rich dynamics in the underlying ocean (Nicholls50

et al. 2012; Davis and Nicholls 2019). These measurements took place over more than a year and51

were the first extended observations of small-scale turbulence beneath an ice shelf. Turbulence52

instrument clusters placed at depths of 2.5m and 13.5m showed strong turbulence consistent with53

a logarithmic “law-of-the-wall” boundary layer (e.g. Pope 2000). The observations also revealed54

a spring-neap tidal signal superimposed on a weaker background flow, with the level of turbulence55

closely tied to the tidal cycle. CTD (conductivity-temperature-depth) profiles showed a cold and56

salty ocean with a well-mixed layer beneath the ice base (to ∼50m depth) followed by weak57
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stratification in both salinity and temperature (to ∼80m depth) and a uniform temperature and58

salinity far-field ocean below. A year-averaged basal melt rate of 0.7 m/yr was measured using59

upward-looking sonar. The Larsen C Ice Shelf borehole measurements provided evidence that60

the water flowing into the sub-ice cavity (from the southeast) was cold High Salinity Shelf Water,61

rather than the relatively warmer Modified Warm Deep Water observed outside the cavity in ship-62

based measurements (Nicholls et al. 2012; Bathmann et al. 1994; Nicholls et al. 2004).63

Since the borehole observations sampled a fixed position beneath the ice shelf, it was not clear64

to what extent the local stratification reflects a local balance between melting and vertical mixing,65

or whether upstream advection plays a significant role. This distinction is important when de-66

veloping parameterizations for turbulence in the ice-shelf/ocean boundary layer and for planning67

observational campaigns. Here, we use LES closely based on the observations from Davis and68

Nicholls (2019) to study locally (by this we mean a purely vertical balance) generated turbulence69

and stratification beneath Larsen C Ice Shelf. However, it is important to note that, even if the70

stratification can be explained by a local balance, there is no guarantee that this solution is unique.71

It is possible that the same T /S profiles could also be obtained through non-local processes.72

Recent years have also seen other observational campaigns begin to characterise the ocean73

boundary layer beneath different Antarctic ice shelves. For example, indirect measurements of74

flow in the cold ocean cavity beneath Ronne Ice Shelf imply strong turbulence, weak stratification75

and relatively low melt rates (Jenkins et al. 2010). These features are in common with observations76

of Fimbul Ice Shelf (Hattermann et al. 2012) and regions of Ross Ice Shelf (Arzeno et al. 2014).77

Other borehole observations with turbulence measurements have revealed more strongly stratified78

regions and evidence of double-diffusion beneath George VI Ice Shelf (Kimura et al. 2015) and79

near the grounding line of Ross Ice Shelf (Begeman et al. 2018). Pine Island Glacier Ice Shelf also80

has regions of very strong stratification in the underlying ocean, as revealed by an autonomous81
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underwater vehicle (Stanton et al. 2013; Kimura et al. 2016). Our LES will have implications for82

sub-ice shelf circulations similar to that beneath Larsen C Ice Shelf and will help to explain some83

of the differences between sub-ice shelf circulations around Antarctica.84

The physical processes involved in the melting of ice shelves, including turbulent mixing of heat85

and salt towards the ice, typically require parameterization in ocean models because they occur on86

length scales far smaller than the model resolution. The three-equation model is a common melt87

parameterization used in coarser ocean models or with observations further from the ice (McPhee88

et al. 1987; Jenkins 1991; Holland and Jenkins 1999; Malyarenko et al. 2020). This model is based89

on the conservation of heat (Eqn. 1) and salt (Eqn. 2), along with an equation for the freezing point90

of water (Eqn. 3),91

cwρwC1/2
d UΓT (T −Tb) = ρiLim, (1)

92

ρwC1/2
d UΓS(S−Sb) = ρiSbm, (2)

93

Tb = λ1Sb +λ2 +λ3P. (3)

Heat conduction into the ice has been neglected, which is a condition regularly used with the94

assumption that the conducted heat flux is small compared to the latent heat flux (Holland and95

Jenkins 1999). Inputs into the above formulation are the flow speed, U , temperature, T , and96

salinity, S, which are evaluated at a specific depth. Outputs are the temperature, Tb, and salinity,97

Sb, at the boundary and the melt rate, m. However, choices still need to be made in setting realistic98

drag coefficients, Cd , and heat, ΓT , and salt, ΓS, transfer coefficients. Other constants are the99

specific heat capacity of water, cw, the latent heat of fusion, Li, reference densities of ice, ρi, and100

water, ρw, pressure, P, and coefficients in a linearised expression for the freezing point of seawater,101

λ1, λ2 and λ3 (Jenkins 2011). Drag and transfer coefficients can be chosen to reproduce observed102

time-averaged melt rates, for example the three-equation model does a reasonable job of predicting103
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melt rates for Larsen C Ice Shelf (Davis and Nicholls 2019) and Ronne Ice Shelf (Jenkins et al.104

2010). The three-equation model does less well when applied to sites with stronger stratification105

and double-diffusion (Kimura et al. 2015; Begeman et al. 2018). It is crucial to have accurate melt106

parameterizations to model future climate scenarios, but to achieve this we need to first understand107

the processes determining the ice shelf melt rate.108

There are many physical processes influencing the ocean beneath ice shelves, several of which109

have been examined using idealised laboratory or numerical models. These include the meltwater110

plume for a vertical (Gayen et al. 2016; McConnochie and Kerr 2016) or sloped (McConnochie111

and Kerr 2018; Mondal et al. 2019) ice face, double-diffusion (Martin and Kauffman 1977; Keitzl112

et al. 2016; Middleton et al. 2021; Rosevear et al. 2021) and stratification (Vreugdenhil and Taylor113

2019). A one-dimensional model of the ocean beneath a melting ice shelf, which included the114

Earth’s rotation, stratification and a meltwater plume, revealed the impact of an Ekman layer and115

strong across-slope flow (Jenkins 2016, 2021). By necessity, turbulent mixing was parameterized116

in this one-dimensional model, but we might anticipate three-dimensional turbulent structures117

to emerge in the ice-shelf/ocean boundary layer. For example, Deusebio et al. (2014) observed118

Ekman rolls in numerical simulations of a weakly stratified Ekman layer. These structures are119

the nonlinear manifestation of linear instabilities of an Ekman spiral, where the turning of the120

horizontal velocity with depth creates an inflection point in the speed profile that can become121

unstable (Lilly 1966; Faller and Kaylor 1966; Brown 1972).122

The defining feature of LES is explicitly resolving the most energetic three-dimensional turbu-123

lence, while parameterizing only the smaller motions with a sub-grid scale model. Here, LES is124

used to study the combined effects of the Earth’s rotation, tides, and turbulence beneath a weakly-125

sloped ice base under conditions consistent with Larsen C Ice Shelf observations reported in Davis126

and Nicholls (2019). Our approach was to isolate a few key physical processes present in the obser-127
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vations (e.g. realistic tidal forcing, dynamic melting), while excluding processes whose presence128

was inconclusive in the observations (e.g. large-scale horizontal temperature/salinity gradients,129

double-diffusion). Comparing the LES results to the observations shows the relative importance130

of the processes that are captured and those that are missing. By reducing the model physics we131

also learn about the fluid dynamics that might be obscured by including additional physical pro-132

cesses. A newly derived near-wall model parameterized turbulence near the ice base, as outlined133

in Section 2. The LES are compared with Larsen C Ice Shelf observations in Section 3. The re-134

sults provide new insight into the bulk properties of the boundary layer, the formation of Ekman135

rolls and the transport of heat towards the ice base by boundary layer turbulence. In Section 4, the136

results are discussed further in the context of the surrounding ocean dynamics, paving the way for137

future observational and modelling studies. Conclusions are in Section 5.138

2. Model design139

The ocean beneath a melting ice shelf was modelled using idealised large-eddy simulations140

(Figure 1). The initial and boundary conditions, along with other relevant simulation parameters141

(details in Section 2a), closely followed field observations from December 2011 to January 2013142

in the Southern region of Larsen C Ice Shelf. Nicholls et al. (2012) and Davis and Nicholls (2019)143

(DN19) include full details of the observations. The model domain was tilted such that the top144

boundary was aligned with the sloping ice base. There were periodic boundary conditions in the145

two directions parallel to the ice base. A near-wall parameterization was applied as a boundary146

condition at the top of the domain, which resulted in a spatially and temporally varying basal melt147

rate (details in Section 2b). The lower boundary condition was impenetrable and free-slip, with148

no-flux conditions for temperature and salinity.149
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Tidal forcing was applied through a pressure gradient to match the three strongest observed tidal150

constituents (O1, K1 and M2) that resulted in a strong spring-neap cycle. The rectangular model151

domain was sloped away from the horizontal by 0.5◦ to match the weak slope at the observational152

site (based on Bedmap2, Fretwell et al. 2013). While the strong tides were hypothesised to set153

the flow, the slope was matched to allow for the possibility of a meltwater plume. The Coriolis154

acceleration was included in the slope-parallel momentum equations using the traditional approx-155

imation.156

The simulation shown in Figure 1 had a domain of 3km × 3km × 200m with 480×480×101157

uniform grid points. The simulation was initialized with uniform temperature, T , and salinity, S,158

to match the far-field values from the Larsen C Ice Shelf observations. The initial slope-parallel159

velocities are set to the velocities expected from the tidal forcing. Importantly, the initial T , S, and160

velocity were spatially constant (aside from some small amplitude random noise). By comparing161

the subsequent model T /S profiles with the observations, we were able to test whether the observed162

bulk boundary layer properties could be reproduced by the local turbulence and melting. This163

set-up in the relatively large domain allowed study of the turbulence evolution over several spring-164

neap cycles in simulations lasting for over 100 days. To study the influence of model resolution165

and the role of small-scale turbulence, another simulation was conducted in a smaller domain166

600m × 200m × 200m with 384× 128× 401 uniform grid points. This domain was designed167

to be orientated roughly along the tidal ellipses of the diurnal tides, O1 and K1 (more details in168

Section 3c).169

The entire evolution of the simulations was of interest, but we particularly focused on the in-170

terval where the vertical gradient of the temperature and salinity profiles most closely matched171

the observations. This was to ensure that the depths of the mixed layer and the stratified region172

were similar in the simulations and observations. The simulations were an initial value problem173
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as there was no source of restoring heat and salinity, meaning that the boundary layer continued174

to freshen and cool and there was no long-term equilibrated state. Of course, it is unlikely that the175

small-scale flow under a melting ice shelf is in an unchanging equilibrated state either (e.g. syn-176

optic and seasonal variability is expected). It is worth noting that the simulations do not attempt177

to include any large-scale horizontal gradients in T , S that may be of importance in maintaining178

steady-state conditions (Jenkins 2016, 2021). The remainder of this section outlines further details179

of the numerical simulations.180

a. Numerical simulation setup181

The simulations solved the incompressible Navier-Stokes momentum equation (with the Boussi-182

nesq approximation), the conservation of mass, heat and salt and a linear equation of state,183

Du
Dt

=− 1
ρ0

∇p+ν∇
2u+F− ∆ρ

ρ0
g(sinθ i+ cosθk)− f k×u−∇ ·τττ, (4)

184

∇ ·u = 0,
DT
Dt

= κT ∇
2T −∇ ·λλλ T ,

DS
Dt

= κS∇
2S−∇ ·λλλ S, (5)

185

∆ρ

ρ0
=−α(T −T0)+β (S−S0). (6)

where u = (u,v,w) was the velocity vector, (x,y,z) was the position vector, i and k were the unit186

vectors in the x and z directions respectively, t was time, p was pressure, T was temperature, S187

was salinity and ρ was density. The ice base slope was specified in the x-direction. The reference188

values of temperature, salinity and density were T0, S0 and ρ0 respectively, and ∆ρ = ρ−ρ0. The189

gravitational acceleration was g= 9.81 ms−2 and the slope away from the horizontal was θ = 0.5◦.190

The coefficients of thermal expansion and saline contraction were α = 3.28×10−5 ◦C−1 and β =191

7.84×10−4 psu−1 respectively, which were chosen to be consistent with the ocean state beneath192

Larsen C Ice Shelf (Gibbs Seawater Oceanographic Toolbox, McDougall and Barker 2011). We193

used realistic values of the molecular viscosity ν = 1.8×10−6m2s−1 and the molecular diffusivity194
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of heat κT = 1.3×10−7m2s−1 (Prandtl number Pr = ν/κT = 13.8) and salt κS = 7.4×10−10m2s−1
195

(Schmidt number Sc = ν/κS = 2432). The Coriolis parameter was f =−1.35×10−4 rad s−1. The196

tidal forcing F = (Fxi+Fyj) includes the three dominant tidal constituents (O1, K1, and M2). As197

described in Appendix A, the form of F was set so that the far-field in the model velocity matches198

the tidal ellipse and phase for each of the three constituents in the observations beneath Larsen C199

reported in Davis and Nicholls (2019).200

The sub-grid scale contributions to the momentum τττ , heat λλλ T and salt λλλ S equations were calcu-201

lated using the anisotropic minimum dissipation (AMD) model (Rozema et al. 2015; Abkar and202

Moin 2017; Verstappen 2016). This sub-grid scale model was expected to work especially well in203

the present simulations, which were strongly turbulent with relatively weak stratification (Vreug-204

denhil and Taylor 2018). The AMD model was set up in the same manner as past simulations of205

under ice shelf flow by Vreugdenhil and Taylor (2019).206

Eqns. 4–6 were discretised into Fourier modes in the periodic slope-parallel directions and207

with second order finite differences in the wall-bounded vertical direction (see Taylor 2008).208

When moving from Fourier space to physical space, a 2/3 dealiasing rule was applied (Orszag209

1971). The equations were solved with a low-storage third-order Runge–Kutta method and210

a semi-implicit Crank–Nicholson method was used for the viscous and diffusive terms. The211

Courant–Friedrichs–Lewy condition was used for the adaptive time-step.212

b. Near-wall model algorithm213

The LES resolution was too low to resolve turbulence close to the ice/ocean boundary where214

the distance from the boundary limits the size of turbulent eddies. Instead, a near-wall model was215

implemented to estimate the basal stress, melt rate, and heat and salt fluxes given the temperature,216
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salinity, and velocity at the top gridpoint of the computational domain. Details of the near-wall217

model are in Appendix B, with key features described here.218

The location of the uppermost computational gridpoint was placed in the law-of-the-wall loga-219

rithmic layer where Monin–Obukhov scaling was expected to hold (Vreugdenhil and Taylor 2019).220

Observations beneath Larsen C Ice Shelf suggested that the logarithmic layer extended to at least221

2.5m in depth (Davis and Nicholls 2019). In our LES, the first grid point was placed at 1m in the222

large domain case and 0.25m in the small domain case. A smooth ice base formulation was chosen223

as the roughness inferred from Davis and Nicholls (2019) was small. The near-wall model used224

Monin–Obukhov scaling coupled with the diffusive melt equations (McPhee et al. 1987; Holland225

and Jenkins 1999) to solve for the fluxes of heat, salt and momentum at the ice base. The near-wall226

model was verified against past LES of the logarithmic layer that resolved the viscous sublayer (re-227

solved LES from Vreugdenhil and Taylor 2019). The near-wall model is expected to work well228

for the strongly turbulent and weakly stratified ocean beneath Larsen C Ice Shelf. If stratification229

dominates the flow, as may be the case beneath George VI Ice Shelf for example (Kimura et al.230

2015), the near-wall model may not be appropriate. The melt rate from the near-wall model was231

updated each time step and had spatial dependence, as shown in Figure 1 for the Larsen C Ice232

Shelf simulation.233

Compared to the three-equation model (Eqns. 1–3) the advantage of the near-wall model algo-234

rithm is that it does not assume constant values of the drag, heat and salt transfer coefficients (Cd ,235

ΓT and ΓS). For an under-ice flow whose turbulence level does not vary significantly (zero or very236

weak stabilising stratification) the three-equation model will do a reasonable job of modelling the237

flow, provided that the correct values of Cd , ΓT and ΓS are chosen. Note that, even without stabil-238

ising stratification, if the turbulence level varies significantly then a varying drag coefficient may239

be required to accurately model the flow at different times (see fundamental turbulence review in240
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Pope 2000). Beneath Larsen C Ice Shelf there were large fluctuations in the ocean turbulence due241

to the tides, with the additional complication of stabilising stratification due to melting (Davis and242

Nicholls 2019). From the outset it was unclear how turbulence and stratification would interact243

during the tidal cycle and impact the melt rate, which could have feedback effects on the water244

column stratification and turbulence itself. Here we avoided making assumptions about Cd , ΓT245

and ΓS but rather calculated them using the near-wall model algorithm.246

3. Results247

a. Bulk properties of the flow248

The simulated flow beneath Larsen C Ice Shelf was initialised with uniform temperature, salinity249

and tidal velocities. The strong tidal forcing followed a spring-neap cycle that appears clearly in250

the bulk velocities (Figure 2a). The tidal cycle was also a key factor setting the friction velocity,251

u∗ =
√

τ/ρ0, (7)

which is a measure of the strength of the stress, τ , at the ice base. As shown in Figure 2b, faster252

tidal velocities resulted in a larger stress at the ice base and hence a larger friction velocity. Strong253

turbulence during spring phases of the tidal cycle mixed heat towards the ice base, enhancing the254

melt rate (Figure 2c). The melting ice base freshened and cooled the upper water column, creating255

a mixed layer that deepened throughout the simulation (Figure 2d). The mixed layer depth was256

measured as the depth at which the density was equal to ρtop +0.01 kg/m3. To put this in context,257

the top-to-bottom density difference was 0.04 kg/m3 (at Day 70). Since the melt rate was depen-258

dent on the temperature and salinity in the near-ice region, and since there were periodic boundary259

conditions in the directions parallel to the ice base, over time the melt rate slowly decreased as260
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the mixed layer became fresher and colder. The melt rate from field observations (0.7m/yr) is261

consistent with the initial melt rate diagnosed in the LES.262

The deepening mixed layer is also shown in the evolving temperature and salinity profiles (Fig-263

ure 3a,b). Despite initialising the model with uniform T and S, the profiles around Day 70 compare264

reasonably well with the observed CTD profiles, in particular when considering the vertical gra-265

dient profiles (Figure 3c,d). It is worth noting that the model is colder and fresher in the mixed266

layer at the times when the gradient profiles most closely match. Nevertheless, the overall shape267

of the profiles is similar to observations with a well-mixed region immediately beneath the ice268

base, followed by stratification, and then the far-field region as yet unaffected by the local melting269

ice. This shows that the basic vertical structure in the CTD profiles can be generated through local270

production of meltwater and vertical mixing.271

On the T -S diagram (Figure 3e), the initial uniform T , S are represented by a single point at272

T = −1.955◦C and S = 34.57 psu. As time progressed, the upper water column freshened and273

cooled and the profiles extended towards the T -S freezing point line (dotted line on Figure 3e).274

The T -S slope is consistent with the first set of CTD observations (dark green), except near the275

ice base where the observed profile diverged, possibly due to brine rejection from re-freezing near276

the hot-water drilled borehole. The latter set of CTD observations (light green) was only taken 7277

hours later but shows a shift in T -S angle which was not seen in the LES. This is a clear indication278

of lateral advection across the observation site, where the advected waters could be influenced by279

ice melting into a different “source water”, something the model cannot be expected to capture280

because of the periodic boundary conditions.281
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To compare with the DN19 observations, the covariance method was used to estimate the friction282

velocity by using Reynolds stresses at different depths,283

ucovar
∗ =

[
(u′w′)2 +(v′w′)2]1/4

, (8)

where the LES ucovar
∗ included both the resolved and sub-grid scale contributions. The dash indi-284

cates deviation from the mean, where the LES used the slope-parallel mean and the observations285

used the burst-averaged time mean (the observations were taken for 15 minute bursts every two286

hours). In Figure 4a the friction velocity calculated using the covariance method (Eqn. 8) from the287

LES is compared with the DN19 observations. The chosen depths, 2.5m and 13.5m, corresponded288

to the two velocity instruments in the field observations referred to as the Upper and Lower Mod-289

ular Acoustic Velocity Sensor (MAVS) respectively. To put this in perspective, the depth of the290

Ekman layer (which was set up within the first 12 hour period) was roughly
√

2νSGS/ f = 3.8m,291

where νSGS ≈ 10−3 m2s−1 was the maximum turbulent viscosity. While the LES has generally292

smaller covariance friction velocities, the trend was the same as the DN19 observations with the293

Upper MAVS having a stronger friction velocity than the Lower MAVS. The smaller friction ve-294

locities in the LES might be due to smooth ice assumed in the near-wall model, but could also295

be due to turbulence from other sources that were not present in the idealized simulations (further296

discussion in Section 4).297

The drag coefficient, Ccovar
d = (ucovar

∗ /U)2, increased at low flow speeds in both the LES and298

Upper MAVS observations as shown in Figure 4b. For the Upper MAVS, DN19 attributed this to299

the instrument moving into and out of the logarithmic layer. A different explanation emerges after300

considering the LES evolution in Figure 4c. The tidal current (grey dashed line) drove the main301

flow, with the friction velocity at the ice base (orange line) following closely. The shear turbulence302

generated at the ice-base then took time to propagate to depth, resulting in an offset for ucovar
∗303
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measured at depth as shown for Day 76 in Figure 4d. The tidal current with depth is also included304

for Day 76 in Figure 4e. One reason for the time offset is that the weak stratification in the mixed305

layer needed to be eroded away by the turbulence as it propagated to depth, as shown for Day306

76 in Figure 4f. So when the current speed U dropped towards zero, there was still turbulence at307

depth so ucovar
∗ was still large, and Ccovar

d increased. By the time the turbulence and ucovar
∗ started to308

decrease, the current speed had increased again, and Ccovar
d decreased. This explains the increase309

in Ccovar
d at small current speeds when Ccovar

d was calculated using the current speed far from the310

ice base. This explanation is also consistent with the hysteresis shown in Figure 4a, b. Overall, the311

ucovar
∗ at depth were smaller than u∗ calculated at the ice base as shown in Figure 4c. The ucovar

∗312

also decreased further from the ice base, as less turbulence managed to propagate to these depths.313

The ice base melt rate is strongly tied to the current speed as shown in Figure 5a. The chosen314

depths for the current speed comparison were 2.5m and 13.5m (corresponding to the MAVS) along315

with a notional far-field depth at 190m. For faster current speeds there was more turbulence near316

the ice, larger friction velocity u∗ (Figure 5b) and hence more melting. However, the melt rate317

and u∗ are not unique functions of the far-field speed (cyan lines) but exhibited an asymmetric318

response to the tidal cycle, where the period of each loop corresponds to a single M2 tidal cycle.319

These (cyan) loops are also slightly offset compared to the upper water column results (red and320

blue lines). This offset can be explained by the presence of a buoyant meltwater plume. The321

meltwater was relatively less dense and formed an upslope buoyant plume that ended up being322

diverted to mainly across slope movement due to geostrophy (Jenkins 2016). Evidence for the323

meltwater plume is most clearly shown by comparing flow velocities between simulations with324

and without the ice base slope (Figure C1 in Appendix C). The meltwater plume has some velocity325

in the upper region, which led to an offset in the response of the melt rate and u∗ to changes in the326

far-field current (compare Figure 5a with Figure C2 in Appendix C). When the buoyant current is327
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in the same direction as the tidal current, the current speed and melt rate are enhanced, and when328

they are in opposite directions the current speed and melt rate are suppressed.329

The LES can help to determine whether setting single constant values of the transfer coefficients330

in the three-equation model is appropriate. The heat and salt transfer coefficients in Figure 5d,e331

were calculated as332

ΓT =
κT |∂T

∂ z |b
u∗(T −Tb)

, ΓS =
κS|∂S

∂ z |b
u∗(S−Sb)

, (9)

where |∂T/∂ z|b and |∂S/∂ z|b are, respectively, the diffusive heat and salt fluxes across the ice-333

ocean boundary. For different depths, the only parameters in Eqn. 9 that changed were T and S334

and the remaining values were obtained from the near-wall model (Eqns. 9 are re-written from335

Eqns. B14 in Appendix B). The mixed layer gave ΓT , ΓS similar to those inferred from observa-336

tions beneath Ronne Ice Shelf of ΓT = 0.011 and ΓS = 3.1× 10−4 (Jenkins et al. 2010). When337

comparing the results from the upper mixed layer to the far-field, the depth dependence of ΓT is338

particularly strong. Transfer coefficients for the three-equation model did not vary significantly339

when the chosen depth of input values was within the top 15 m of the mixed layer, but the concept340

of depth-independent transfer coefficients fails when applied to the far-field values below the py-341

cnocline. This result was not surprising as the three-equation model was formulated to work with342

values up to the outer edge of the boundary layer. The three-equation model was not designed343

to parameterize mixing through the pycnocline and, from the simulations shown here, we caution344

that it should not be used beyond the boundary layer (in this case the mixed layer).345

In Figure 5c, the drag coefficient using friction velocity calculated at the ice base, Cd = (u∗/U)2,346

is plotted against speed at the three depths. The drag coefficient calculated with the ice base friction347

velocity Cd did not vary much with flow speed at 2.5m depth, with more variance at 13.5m depth348

and in the far-field. This is also demonstrated in the vertical profiles of Cd in Figure 5f. The LES349

shows that the drag coefficient was a quite well defined quantity within the mixed layer, as long350
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as the interfacial stress is used. In contrast, the covariance drag coefficient Ccovar
d (Figure 4b) does351

not tend as nicely to a single value, especially if the measurement was made further from the ice352

base. In other words, the interfacial stress is not well represented by the covariance-calculated353

stress, especially far from the ice (13.5m or deeper). This is because, fundamentally, it is not a354

constant stress boundary layer.355

Observations are unable to make any direct measurement of the shear stress at the ice/ocean356

interface. Even borehole observations like DN19 are limited to estimating the shear stress from357

measurements a few metres from the ice base. Instead the basal stress is commonly inferred by358

assuming that the measured velocity some distance from the ice is related to the friction velocity359

through a constant drag coefficient. Our LES show that it might be acceptable to use a constant360

value of Cd in models that resolve the mixed layer, although the drag coefficient does vary (by up361

to an order of magnitude) at very low flow speeds.362

b. Ekman rolls363

The simulated flow had significant structure at scales of 100m-1km in the ice slope-parallel364

directions, despite the fact that the computational domain was homogeneous in these directions.365

Figure 6 shows elongated features in the slope-parallel speed at 20m depth, with associated upward366

and downward motions. A signature of these features also appears in temperature and salinity as367

undulations in the stratification. Since the departure from the plane-averaged velocity forms closed368

circulation cells, we refer to these features as ‘rolls’, although note that the isopycnals associated369

with these features do not overturn and hence these features could instead be referred to as ‘waves’.370

These features qualitatively match the description of roll-like structures that emerge following371

linear instabilities in Ekman layer velocity profiles (Lilly 1966; Faller and Kaylor 1966; Brown372

1972; Deusebio et al. 2014; Mkhinini et al. 2013). In laboratory experiments and simulations373
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of steady, unstratified flow the Ekman rolls remained almost stationary with and parallel to the374

imposed current (Lilly 1966; Faller and Kaylor 1966). Strong stabilising stratification can turn375

the angle of the Ekman rolls further from the imposed current orientation and allow the rolls to376

propagate with the imposed current (Brown 1972).377

In the LES here, there was weak stabilising stratification from ice melting and strong oscillating378

flow from the tides. The Ekman rolls appeared to be mainly stationary in angle but were translated379

in the slope-parallel directions (back and forth) by the changing tide. The Ekman rolls were not380

always present in time, generally forming at the weaker currents in the spring-neap tidal cycle. For381

stronger currents, especially when there was a rapid change in current direction, there was more382

turbulence and Ekman rolls were no longer a strong feature. In the remainder of this section we383

investigate these Ekman rolls more quantitatively.384

The energy in the rolls can be quantified by calculating the turbulent kinetic energy (TKE)385

in wavenumber space. The Ekman rolls exhibited significant 2D structure in the slope-parallel386

directions, hence a 2D slice at 20m depth was chosen to investigate the rolls in wavenumber space,387

as shown in Figure 7 for Day 70. The TKE maximum resided in wavenumbers consistent with the388

Ekman roll structures in Figure 6, corresponding to dimensionless wavenumbers kL/2π = 3 and389

lW/2π = 5 for Day 70, where k and l are the dimensional wavenumbers and L and W are the390

domain sizes in the x and y directions respectively. In order to examine the size and orientation of391

the rolls, we chose a minimum value of the TKE to define a cut-off envelope. For values within the392

envelope, the wavenumbers were weighted by the TKE to find the average k and l wavenumbers393

associated with the rolls. The cut-off TKE was chosen as 3×10−9 m2s−2, which encompassed the394

majority of the TKE peak (green contour in Figure 7). A sensitivity analysis was conducted to find395

the best cut-off TKE to capture the TKE peak without including contributions from wavenumbers396

that were clearly outside the region of interest. The TKE cut off was applied in wavenumber space397
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to each time, meaning that the green contour varied somewhat in wavenumber space over time,398

but it was noted to capture the roll activity for the majority of the simulation.399

The resulting width and angle of the Ekman rolls over time are shown in Figure 8b,c. The400

angle was defined with respect to the x-direction (the direction of ice base slope) and describes the401

longitudinal direction of the rolls (i.e. perpendicular to the periodicity in the structures). Figure 8a402

includes the mean speed at the same depth (z = −20m) to illustrate the timing of the tidal cycle.403

The roll structures are clearly visible by Day 10, where they were approximately 200m wide and at404

an angle of 60◦, so significantly smaller than the domain size (3km). As the simulation progressed,405

the rolls widened while the roll angle stayed about the same. The rolls were aligned roughly406

parallel to the diurnal tidal ellipse maxima (K1 and O1). This was consistent with linear stability407

theory in which the Ekman rolls aligned parallel to the driving current (Lilly 1966). Interestingly,408

when the basal slope was not present, the roll width remained around 200m for almost the entire409

simulation (Appendix C). The mixed layer depth grew at a similar rate regardless of the basal slope410

and meltwater plume presence (not shown here). This implies that the widening of the Ekman411

rolls could be the result of some other interaction with the meltwater plume. In other words, even412

though the stratification was similar between simulations with and without ice base slope, in the413

former case the meltwater could drive flow and hence change the shear and Ekman roll width.414

The cut-off envelope was also used to calculate the fraction of the total TKE associated with the415

rolls (Figure 8d). The rolls were responsible for more than half of the total TKE at all times. In416

general, the rolls were less well defined (a smaller fraction of the TKE) during times with a strong417

tidal current. This could be due to more shear turbulence at the large flow speeds (especially when418

there was a sudden change in speed) resulting in the break-up of the rolls.419
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c. Turbulence420

The influence of small-scale turbulence on the vertical heat flux and melt rate will now be in-421

vestigated using the high resolution simulation in the small domain where more of the small-scale422

turbulence was directly resolved. This simulation also provided a test of the resolution depen-423

dence of the LES results. The relatively large Ekman rolls presented a challenge when setting up424

the simulation in a small domain with periodic boundary conditions. To overcome this challenge,425

the small computational domain (x′, y′, z) was aligned with the dominant angle of the Ekman426

rolls, as shown in Figure 6. The small domain could therefore capture one 600m wide Ekman roll427

based on the roll width at Day 52 in the large domain simulation. To reduce the computational428

cost, a smaller domain size of 200m was used in the direction parallel to the Ekman rolls. The429

small domain simulation was initialised from mean profiles taken at Day 52 of the large domain430

simulation (interpolated onto the finer grid). For comparison, an additional simulation of the large431

domain was also initialised from mean profiles taken at Day 52: this will be the large domain (low432

resolution) simulation used for all comparisons in this subsection. The small domain simulation,433

along with the reinitialised large domain simulation, were run for 30 days.434

The three-dimensional snapshot at Day 70 in Figure 9 shows that the rolls clearly aligned with435

the domain, but rather than one 600m wide roll, there were three 200m wide rolls. One explana-436

tion was that the Ekman rolls first form through an instability at the wavenumber corresponding437

to 200m. The rolls remained 200m wide in the small domain simulation. In comparison, the438

reinitialised large domain simulation also formed 200m wide rolls until Day 68 where they grew439

in size to around 600m (not shown here). This suggests that the size of the Ekman rolls might440

be sensitive to the time history of the flow and the larger scale motions not captured in the small441

domain. Figure 9 also shows a layer of small-scale turbulence immediately beneath the ice base.442
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The majority of the mixed layer heat flux in the small domain simulation was due to resolved443

turbulence. Figure 10 shows vertical profiles of the subgrid-scale (SGS) diffusivity, κSGS, (panel444

a) and of the resolved and SGS components of the heat flux for the large (panel b) and small (panel445

c) domain simulations. In the small domain simulation, κSGS was roughly a quarter of that in the446

large domain case (Figure 10a). The chosen SGS model (the anisotropic minimum-dissipation447

model) calculated κSGS for each grid cell and time step using the three-dimensional velocity and448

temperature fields. Smaller values of κSGS meant that the resulting SGS contribution to the total449

vertical heat flux was reduced for the small domain simulation (Figures 10b, c). Interestingly, the450

resolved heat flux contribution was only a little larger for the small domain simulation. For the451

large domain simulation, the heat flux was strongly dominated by the SGS contribution, leading to452

a large total heat flux. As the small domain simulation saw a big decrease in the SGS contribution453

and only a small increase in the resolved portion, this lead to an overall reduction in the total heat454

flux compared to the large domain simulation, which will be explored further later in this section.455

Continuing with the analysis of the small domain simulation, the time evolution of total TKE456

and heat transport associated with flow at different depths (10m and 20m), along with the roll457

contribution, is shown in Figure 11. The TKE and vertical heat flux were calculated using a 2D x′-458

direction slice of velocities and temperature for each depth in wavenumber-depth space (not shown459

here). In wavenumber-depth space, the TKE was strongest at wavenumber k′L/2π = 3 (consistent460

with the three Ekman rolls in Figure 9) and the depth of maximum TKE fluctuated between 20m461

to 30m with the changing tidal currents. The partitioning into the roll contribution in Figure 11462

used the TKE cutoff of 6×10−6 m2s−2, which was equivalent to the TKE cutoff used in Figures463

7 and 8 for the large domain simulation but re-normalised for the small domain dimensions.464

The resulting TKE evolution shows a time offset between 10m and 20m depth (Figure 11b,d).465

At 10m there was an envelope of larger TKE (less than half of which lies with the Ekman rolls)466
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that matched the timing of the driving tidal forcing, though with a slight lag from the far-field flow467

(Figure 11a). This is consistent with the fluctuations at 10m being shear turbulence associated with468

the tidal forcing. For the 20m depth, the envelope with larger TKE occurred after the maximum469

tidal forcing and was almost entirely associated with the Ekman rolls. The timing of the Ekman470

rolls at 20m depth is consistent with the timing of the roll component of the TKE at 10m depth,471

meaning that it was the rolls that lagged the tidal envelope. There was more total heat flux at472

10m (Figure 11c,e), which matches the time-averaged depth profiles of heat flux contributions in473

Figure 10 (recall that the total heat flux was comprised of the resolved plus the sub-grid scale474

contributions). The Ekman rolls were responsible for only a tiny portion of the total heat flux,475

both at 10m and 20m, as shown in the cumulative sum of heat flux in Figure 11f. The implication476

is then that the heat flux was dominated by higher wavenumbers, so smaller physical scales. Even477

though Ekman rolls contributed strongly to the TKE, they were only directly responsible for a478

small amount of vertical heat transport. Of course, the rolls could still be important for the heat479

transport in a more indirect manner, for example by driving smaller scale features that then mix480

the heat vertically. But so far there is no clear link between the rolls and the vertical heat transport.481

For the small domain simulation, the vertical profiles of T /S show that the upper water column482

became more well mixed while the stratification below tended to sharpen (Figure 12). Interest-483

ingly, the small domain (high resolution) simulation did not match the Larsen C Ice Shelf observed484

profiles as well as the large domain (low resolution) simulation. This could be indicative of ad-485

ditional processes that have not been explicitly included in the simulations (further discussion in486

Section 4). The melt rate was smaller for the small domain simulation (0.136 m/yr time-averaged487

over Days 65-75) compared to the large domain simulation (0.280 m/yr time-averaged over Days488

65-75). The mixed layer did not significantly deepen during the small domain simulation, while489

the large domain simulation showed a deepening of the mixed layer (from 30m to 34m depth).490
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This was consistent with the previous results (such as Figure 10) that show a reduction in heat flux491

towards the ice base in the small domain simulation.492

In conclusion, the small domain simulation saw a modest increase in resolved heat transport due493

to the higher resolution, but the total heat transport was reduced because of a smaller sub-grid scale494

contribution. While the Ekman rolls were correlated with around half of the total turbulent kinetic495

energy, they were not directly responsible for significant heat transport. Overall, the reduced496

mixing in the small domain simulations resulted in less heat transport towards the ice base, a497

stagnating mixed layer depth and a reduction in the melt rate.498

4. Discussion499

a. Application of results to the ocean500

The Ekman rolls are robust features of the large-eddy simulations. To the authors’ knowledge,501

this is the first time that these features have been seen in simulations or observations of under ice502

shelf flow. In observations, the Ekman rolls may be present but as yet unidentified. To predict how503

the Ekman rolls signature may appear in borehole measurements, the large domain simulation504

was sampled at a single point at 20m depth every 16 seconds and a wavelet analysis applied to505

the resulting signal (Figure 13). There was a likely signature of Ekman rolls in the temperature506

wavelet analysis with a period of about one hour, consistent to intervals where the Ekman rolls507

were observed in the 3D flow field. This period corresponded to the movement of a roll through508

the measurement location. This was heavily dependent on the tidal current speed, but for intervals509

when the tidal current was mostly in one direction for 12 hours or so there was a corresponding510

increase in the Ekman roll signature. This signature also clearly appeared in the velocity wavelet511
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analysis (not shown here). Unfortunately this period was not sampled in the DN19 observations,512

but in the future, it might be possible to identify Ekman rolls with a different sampling strategy.513

In the ocean there are other sources of variability that may not be present in the LES. The514

small domain simulation produced temperature and salinity profiles, and a melt rate, that were515

further away from the observations than the large domain results. The rapid cooling and lack of516

stratification in the mixed layer in the small domain simulation suggests that the heat in the mixed517

layer was consumed too rapidly relative to its supply. This then implies that there was a supply518

of heat to the mixed layer that was missing: either vertical mixing being too weak or an absence519

of lateral heat advection. There is evidence that lateral advection was present in the observations520

(discussed further below) so it is likely at least part of the explanation for the additional supply of521

heat to the mixed layer. A lack of mixing may also be involved, but it is unclear how great a role522

it will have played. Below we discuss the potential differences between the LES and real ocean.523

One difference between the LES and the ocean was the periodic nature of the simulations in524

the directions parallel to the ice base. The real-world ocean is not periodic. Neighbouring water525

masses may differ significantly and could feasibly be moved into the domain at different stages526

of the tidal cycle. There was some evidence for this in the observations, where the T and S527

profiles significantly cooled and freshened over a brief 7 hour interval (Figure 3). There also could528

have been additional mixing as the neighbouring water mass was transported back and forth, in529

particular between the far-field flow and the upper mixed layer. Along with different water masses530

being advected with the tidal cycle, there could also be incoming plume flow from further down the531

ice shelf. While the observations measure only a weak background flow, even a weak plume from532

external sources may still have significantly different temperature and salinity than the idealised533

LES. There is more work to be done to quantify the heat transport from plumes and neighbouring534

currents and how they might impact the stratification of the water column.535
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Next we consider whether the near-wall model might be responsible for discrepancies in strati-536

fication between the simulations and observations. The ice base roughness parameter in the LES537

was effectively set to zero in the near-wall model. As outlined in Appendix B, the Larsen C538

Ice Shelf observations may have been in a transitionally rough regime. In this regime the ice base539

roughness may or may not have had some influence on the flow depending on the roughness shape,540

alignment and other characteristics (Jiménez 2004). Even so, the roughness length scale of 0.4mm541

inferred from observations was still relatively minor and not too dissimilar from the smooth ice542

base in the simulations. There is a caveat that the results from the present simulations demonstrate543

that the observations may be underestimating (by approximately 25%) the true interfacial stress544

on which the roughness calculation is based, so the true roughness could be somewhat larger.545

However, even if the roughness were explicitly included in the near-wall parameterization, the ad-546

ditional turbulence and mixing would be close to the ice base, rather than through the pycnocline547

where more mixing could transport heat upwards into the mixed layer. The small difference in the548

roughness parameter between the LES and observations is likely not sufficient to explain the lack549

of heat within the mixed layer (seen in the small domain simulation).550

Another explanation for the difference between the small domain LES and the observations is551

that there may be other sources of mixing that have not been included in the LES. One example is552

double-diffusive effects due to the large difference in molecular diffusivities between temperature553

and salinity. There was a faint signature of steps in the observed T /S profiles (30-80m depth),554

which may be indicative of double-diffusive layering, where small-scale diffusion across the layer555

could drive mixing within the layers. The grid spacing of the LES would not have been able to556

resolve double-diffusive layering, so any additional mixing from this source could explain the dif-557

ference between the observations and the LES. There also could have been internal waves coming558

from external sources, which would potentially break and mix regions of the water column be-559
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neath the ice base, but so far we do not have any evidence of internal waves breaking in the ocean560

beneath Larsen C Ice Shelf. Investigating possible sources of mixing is another important area of561

research at the frontier of ice shelf/ocean interactions.562

b. Three-equation model563

The ice shelf/ocean boundary parameterization of the three-equation model was also examined564

here using the LES. The heat and salt transfer coefficients calculated with input T and S above the565

pycnocline (upper 20m or so beneath the ice) showed almost no variation with flow speed. The566

drag coefficient Cd calculated with the friction velocity at the ice base and flow speed at 2.5m depth567

showed little variation with flow speed. Values of Cd with input flow speeds from 13.5m and below568

showed more variation, particularly at low flow speeds. It is worth noting that the drag coefficient569

might also be expected to vary through time as it is predicted to be a function of stability, and so it570

may change with the melt rate (i.e. interfacial buoyancy flux). While this was not directly found571

for Larsen C Ice Shelf here, it may be of importance for ice shelves with higher melt rates.572

The LES results demonstrate that it may be acceptable to use the three-equation model with573

constant coefficients (for Larsen C Ice Shelf or similar) if the first grid point is placed only a few574

metres from the ice base. Beyond a few metres, the drag coefficient begins to vary more signifi-575

cantly and may cause inaccurate modelling of the melt rate and other parameterized variables. A576

coarser resolution ocean model using the three-equation model would likely place the first grid577

point in the mixed layer region (i.e. interacting with the ice). However, a coarse resolution model578

is likely to result in an effective mixed layer thickness that is too great with consequently biased579

properties. Unfortunately, without knowledge of the modelled region, it is difficult to predict a580

priori the depth of the mixed layer. In coarser ocean models (e.g. cavity sized models) the entire581

near-ice region will require parameterization. Some regions of the cavity (e.g. near the grounding582
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line) may be affected by a strong geostrophic plume that drives the boundary layer flow, and in a583

coarse model this is likely to be missed (Jenkins 2016, 2021; Patmore et al. in prep.). Additional584

complications are likely to be present for different ice shelves, such as strong stratification, ice base585

roughness or topography, a more vigorous meltwater plume, and double-diffusive convection.586

5. Conclusions587

The ocean-driven basal melting of Larsen C Ice Shelf was examined using large-eddy simula-588

tions with realistic tides, ice base slope and Coriolis parameter. We used a new near-wall param-589

eterization to calculate the ice shelf melt rate in the LES. The simulations matched reasonably590

well with the observed stratification, friction velocity and time-averaged melt rate. One interest-591

ing result was that the friction velocity estimated using the covariance method (typically used for592

in-situ observations taken a few metres from the ice) had a time offset with depth and a reduced593

magnitude with depth. This ultimately shows that the sub-ice upper mixed ocean was not a con-594

stant stress boundary layer and that the turbulence generated at the ice base took some time to595

propagate to depth. Additionally, the instantaneous melt rate was strongly tied to the tidal cycle,596

which dominated the current speed within the mixed layer immediately beneath the ice.597

The simulations also revealed Ekman rolls in the mixed layer and stratified region beneath598

Larsen C Ice Shelf. While the bulk flow properties were dominated by the tidal forcing, the roll599

behaviour was modified by the presence of the slope, with the roll width slowly increasing over600

time. The Ekman rolls contributed noticeably to the turbulent kinetic energy but barely affected601

the vertical heat transport directly. Hence questions remain on whether it is necessary to include602

the effects of Ekman rolls in melt rate parameterizations such as the three-equation model.603

In terms of the three-equation model, the heat and salt coefficients calculated using temperature604

and salinity values within the mixed layer (top ∼20m) were largely independent of current speed605
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and were consistent with past observations such as from Ronne Ice Shelf (Jenkins 2011). The drag606

coefficient Cd at the ice base was nearly constant when considering current speeds close to the607

ice base (2.5m depth), but varied significantly when calculated using the current speed below the608

mixed layer, particularly during intervals with low flow speeds. The LES results caution the use of609

the three-equation model, in particular with a constant drag coefficient, unless the vertical ocean610

structure beneath the particular ice shelf site is known a priori.611

Although our simulations captured some details of the observations, there were notable differ-612

ences. In particular, the stratification at the base of the mixed layer in the high resolution simulation613

was larger than observed, and the modeled melt rate in this case was smaller than the observations.614

This suggests that some processes that are not captured in our simulations might be important615

sources of heat transport. For example, our model setup does not include advection of large-scale616

temperature and salinity gradients, double diffusion, or a background internal wave field. It is617

possible that a more realistic model of the full ice-shelf cavity could provide additional insight,618

in particular on the large-scale advection of water mass properties. Parameter sensitivity studies619

would also be useful to predict how the results might change in time or differ at other locations.620

Ultimately, however, additional observations will be needed to identify the processes that control621

the melt rate. There remains significant work to improve our understanding of ice shelf/ocean622

interactions and the rich dynamics in these regions.623
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APPENDIX A627

Tidal forcing terms for the momentum equation628
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The tidal forcing in the LES was based on the in-situ velocity observations taken below Larsen629

C Ice Shelf by Davis and Nicholls (2019). The strongest tidal components from the observations at630

13.5m depth were chosen (O1, K1, M2) and, by assuming geostrophic balance, a pressure gradient631

force was calculated. There is a question about how truly geostrophic the velocities are at 13.5m632

depth, which might lie within the mixed layer and be influenced by ice base friction and other633

boundary dynamics. But as these data are the most comprehensive information available on the634

Larsen C Ice Shelf tidal velocities, they are used to force the model.635

To derive the tidal forcing Fx, Fy in Eqn. 4 we solved the time variant geostrophic equations,636

du
dt
− f v = Fx,

dv
dt

+ f u = Fy. (A1)

Re-writing Fx, Fy with the three chosen tidal components, Fx = Fx,O1 +Fx,K1 +Fx,M2 and Fy =637

Fy,O1 +Fy,K1 +Fy,M2. Considering just the O1 tidal components, the uO1 and vO1 velocities are638

uO1 = Au,O1 cos(ωO1ttide−Φu,O1), vO1 = Av,O1 cos(ωO1ttide−Φv,O1), (A2)

where A is the amplitude, ω = 2π/T is the tidal frequency, T is the tidal period, and Φ is the639

phase lag. The time ttide = t− tcentral is relative to the central nodal time used to compute the ob-640

served constituents which is approximately half a year, tcentral = 182.5 days = 1.58×107 seconds.641

Substitute Eqns. A2 into Eqns. A1 to find,642

Fx,O1 =−Au,O1ωO1 sin(ωO1ttide−Φu,O1)−Av,O1 f cos(ωO1ttide−Φv,O1), (A3)
643

Fy,O1 =−Av,O1ωO1 sin(ωO1ttide−Φv,O1)+Au,O1 f cos(ωO1ttide−Φu,O1), (A4)

and Fx,K1, Fy,K1, Fx,M2, Fy,M2 follow the same form. The respective constants are based on val-644

ues from Davis and Nicholls (2019), see Table 1. The strongest three measured tidal components645

resulted in replicating important characteristics such as a regular spring-neap cycle, but did not646

quite result in the same maximum amplitudes of speed that were sometimes present in the obser-647
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vations. To ensure that these maximum amplitudes were well represented in the simulations, a648

multiplication factor of 1.3 was used in the tidal forcing.649

APPENDIX B650

Near-wall model for the ice melting boundary condition651

a. Derivation of the near-wall model652

In order to derive the near-wall model algorithm, let us first review the Monin–Obukhov sim-653

ilarity theory for stratified flow. This theory relates the gradients in velocity, temperature and654

salinity by the common Monin–Obukhov functions Φm and Φs. In other words, the gradient pro-655

files are expected to be similar in shape. The Monin–Obukhov similarity equations for velocity,656

temperature and salinity are657

∂U
∂ z

=
u∗
kmz

Φm(ξ ),
∂T
∂ z

=
T∗
ksz

Φs(ξ ),
∂S
∂ z

=
S∗
ksz

Φs(ξ ), (B1)

where U is the speed, u∗ =
√

ν |∂U/∂ z|b, T∗ = κT |∂T/∂ z|b/u∗ and S∗ = κS|∂S/∂ z|b/u∗ are the658

friction velocity, temperature and salinity respectively. The subscript “b” indicates variables at the659

ice-ocean boundary. The von Kármán constants for the momentum and scalars are, respectively,660

km = 0.41 and ks = 0.48 (Bradshaw and Huang 1995). The Monin–Obukhov functions Φm and Φs661

are functions of the normalised distance from the ice ξ = z/L. The Obukhov length,662

L =− u3
∗

kmB
, (B2)

describes the relative strength of turbulence compared to stratification, where the vertical buoyancy663

flux at the ice-ocean interface is B= g(ακT |∂T/∂ z|b−βκS|∂S/∂ z|b). The Obukhov length can be664

thought of as the distance away from the ice, above which we might expect turbulence to dominate665

the flow, and below which the effects of stratification will be important.666
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To better understand these Monin–Obukhov functions, let us consider the case where the flow667

has a very low interfacial buoyancy flux, which we refer to as a very weakly stratified case. If668

stratification is very weak then the Obukhov length L becomes very large, and the normalised669

distance from the wall ξ becomes small. As L is far from the wall, the majority of the flow is670

unaffected by stratification and we would expect Φm = Φs = 1. This results in Eqn. B1 reverting671

to the well known law-of-the-wall logarithmic scaling with no stratification term (Pope 2000).672

If stratification is stronger then it can start affecting the turbulence in the flow. In particular,673

we would expect strong stabilising stratification to damp out some or all of the shear turbulence.674

The frictional Obukhov length L+ = L/(ν/u∗) is one measure of the transition to turbulent flow.675

When L+ > 200 the flow is predicted to be fully turbulent. However, the form of the stratified676

Monin–Obukhov function is still contested (e.g. Businger et al. 1971; Kaimal et al. 1976; Foken677

2006). One straightforward and common form is of a linear function of ξ ,678

Φm(ξ ) = 1+βmξ , Φs(ξ ) = 1+βsξ , (B3)

where βm = 4.8 and βs = 5.6 are constants (Wyngaard 2010; Zhou et al. 2017). Here, we will use679

the linear function Eqn. B3 to derive our near-wall model. By vertically integrating Eqn B1 we680

find681

U(zg)

u∗
=

1
km

ln
(zgu∗

ν

)
+

βm

km
ξ (zg)+5, (B4)

682

T (zg)−Tb

T∗
=

1
km

ln
(zgu∗

ν

)
+

βm

km
ξ (zg)+(13Pr2/3−7.5), (B5)

683

S(zg)−Sb

S∗
=

1
km

ln
(zgu∗

ν

)
+

βm

km
ξ (zg)+(13Sc2/3−7.5), (B6)

where the final terms on the right hand side are integration constants that describe the thickness of684

the viscous, heat diffusive and salt diffusive sublayers. These terms are set following past work on685

boundary layer turbulence (Bradshaw and Huang 1995; Schlichting and Gersten 2003), stratified686

plane Couette flow (Deusebio et al. 2015; Zhou et al. 2017) and ice melting studies (Kader and687
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Yaglom 1972; McPhee et al. 1987; Holland and Jenkins 1999; Vreugdenhil and Taylor 2019).688

Note that we have evaluated the Eqns. B4–B6 for the input values of temperature, salinity and689

velocity to be those in the first grid cell in the domain, designated by the depth subscript “g”.690

A smooth ice base has been assumed by including the viscous length scale in the first term691

on the RHS of Eqns. B4–B6, this could be replaced with a roughness length scale if there was692

significant roughness on the ice base. In the DN19 Larsen C Ice Shelf observations the measured693

drag coefficient was on average 0.0022 (for Upper MAVS flow at speeds >0.1m/s), which gave694

a roughness length scale of 0.4mm. This roughness length scale is expected to be approximately695

1/30 of the vertical amplitude of the roughness elements, which is then kr = 12mm (Jiménez696

2004). A useful measure of the roughness effect on the flow is the roughness Reynolds number697

Rer = kru∗/ν (Jiménez 2004). The roughness Reynolds number for Larsen C Ice Shelf base is698

Rer = 32 (using u∗= 0.0047m/s associated with U = 0.1m/s, and ν = 1.8×10−6m2/s). This places699

the ice base in the transitional roughness regime (between approximately 4 < Rer < 80) where700

roughness may start having an effect on the flow depending on the roughness shape, alignment701

and other characteristics (Jiménez 2004). This minor roughness was not too dissimilar from the702

smooth ice base in the simulations.703

In past resolved LES the temperature, salinity and velocity profiles were well-described by704

Monin–Obukhov similarity scaling for stratified flow (Eqns B4-B6), provided that the flow was705

not too strongly stratified i.e. L+ > 200 (Vreugdenhil and Taylor 2019). This is thought to be706

the appropriate regime for the strongly turbulent and weakly stratified ocean beneath Larsen C Ice707

Shelf.708

Next we review the diffusive three-equation model for ice melting. The three equations are709

the conservation of heat and salt across the ice-ocean boundary, and the liquidus condition which710
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describes the phase change of ice to liquid water, respectively,711

cwρwu∗T∗ = ρiLim, (B7)
712

ρwu∗S∗ = ρiSbm, (B8)
713

Tb = λ1Sb +λ2 +λ3P, (B9)

where m is the melt rate, Tb and Sb are the temperature and salinity at the ice-ocean boundary714

(McPhee et al. 1987; Holland and Jenkins 1999). Recall that u∗ is the interfacial momentum flux715

or friction velocity, and T∗ and S∗ are the interfacial heat and salt fluxes (normalised by the friction716

velocity). The subscript “w” refers to values for water and “i” for ice. The specific heat capacity717

for water is cw = 3974 J kg−1 ◦C−1 and the latent heat of fusion is Li = 3.34× 105 J kg−1. The718

coefficients in the linearised expression for the freezing point of seawater are λ1 =−5.73×10−2
719

◦C, λ2 = 8.32×10−2 ◦C and λ3 =−7.53×10−4 ◦C dbar (Jenkins 2011). Finally, the background720

pressure due to the ice depth P = 304 dbar is chosen to match Larsen C Ice Shelf. Following from721

previous studies using the diffusive three-equation model, we have assumed that the volume input722

of water due to ice melting, the salinity of ice and the conduction of heat through the ice are all723

zero (Gayen et al. 2016; Mondal et al. 2019; Vreugdenhil and Taylor 2019).724

For our near-wall model we now have six equations (Eqns B4-B9) and six unknowns (u∗, T∗,725

S∗, m, Tb, Sb) when driven by the external forcing conditions T (zg), S(zg) and U(zg). The equa-726

tions are solved using the multivariate Newton-Raphson iteration method. This method uses a first727

guess based on the previous time step, then with each iteration reduces the residual error, eventu-728

ally converging on a solution. The Newton-Raphson iteration method can become computationally729

expensive, depending on the number of iterations required for the solution to converge. To save730

on computer time, for each time step we solve Eqns B4-B9 with the slope-parallel averaged tem-731

perature T (zg), salinity S(zg) and speed U(zg) at the first grid cell inside the domain. This spatial732
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averaging follows from work on using the Monin–Obukhov scaling to parameterize the effects733

of the atmospheric boundary layer (for example Moeng 1984). Once we have the solution for the734

slope-parallel averaged values, for each boundary grid cell we scale the solution by the local values735

of velocity, temperature and salinity. For the velocities the stress component is partitioned into the736

streamwise and spanwise slope-parallel velocity components following Piomelli et al. (1989). We737

note that our overall approach is similar to methods previously used for Monin–Obukhov similar-738

ity theory applied to the atmospheric boundary layers for one scalar (temperature) (e.g. Businger739

et al. 1971) which we have simply added in complexity in the form of two scalars (temperature740

and salinity) that then have a complicated relationship through the diffusive three-equation model.741

The resulting locally scaled solutions are742

τ13(x,y,z = 0) =
u(x,y,zg)

U(zg)
τw, (B10)

743

τ23(x,y,z = 0) =
v(x,y,zg)

U(zg)
τw, (B11)

744

T∗(x,y,z = 0) =
T (x,y,zg)−Tb

T (zg)−Tb
T∗, (B12)

745

S∗(x,y,z = 0) =
S(x,y,zg)−Sb

S(zg)−Sb
S∗, (B13)

where τw = ρ0u2
∗ is the wall shear stress. These can then be applied as flux boundary conditions in746

the large-eddy simulations.747

b. Validation of the near-wall model748

The near-wall model was validated by comparing coarse resolution LES (with the near-wall749

model) against resolved LES (which explicitly resolved the viscous and diffusive sublayers) from750

Vreugdenhil and Taylor (2019). For both LES, the domain was the top 2m of the water column.751

A constant pressure differential to drive flow and investigated two different pressure differentials752
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that resulted in two different friction velocities. A range of thermal driving ∆T = Tz=−2m−Tb was753

also covered. The coarse resolution LES had 8cm grid spacing in the vertical direction, which also754

determined the depth of the first grid point.755

For the validation comparison, variables of interest are the heat ΓT and salt ΓS transfer coeffi-756

cients and the drag coefficient Cd calculated as757

ΓT =
T∗

T (z)−Tb
, ΓS =

S∗
S(z)−Sb

, Cd =

(
u∗

U(z)

)2

. (B14)

Written in this form, it is clear that there is a direct link between the transfer coefficient definition758

(Eqns. B14) and the Monin-Obukhov scaling (Eqns. B4). As the Monin-Obukhov scaling is a part759

of the near-wall model, it is instructive to determine whether the transfer coefficients (output from760

the near-wall model) deviate from the scaling significantly. Finally, the melt rate is also compared761

between the resolved and near-wall model simulations.762

Figure B1 shows the resolved LES (closed symbols) compared with the near-wall model LES763

(open symbols). The values of T (z), S(z) and U(z) were taken at depth z = −2 m (the domain764

depth) for the output shown in Figure B1. The model output could then also be compared with the765

Monin-Obukhov scaling, shown as the red lines in Figure B1 (where Eqns. B4 were calculated for766

z =−2 m rather than zg). The Monin-Obukhov scaling remains dependent on u∗ and so there are767

two red lines on Figures B1a-c. The Figure B1d panel shows the thermal driving varying with melt768

rate, with the lines showing a theoretical limit on the melt rate for a “passive scalar” case where769

the gravity is turned off (more detail on the resolved LES in Vreugdenhil and Taylor (2019)).770

Overall Figure B1 shows that the near-wall model performs well when the flow is turbulent (large771

L+) and melt rate and thermal driving are weak. This is demonstrated by consistency between the772

heat, salt and momentum flux coefficients, along with the melt rate. When the thermal driving773

becomes strong the near-wall model salt transfer coefficient in particular begins to deviate from774
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the resolved LES (Figure B1b). This deviation is also where the resolved LES diverges from the775

Monin-Obukhov scaling, whereas the near-wall model values remain consistent with the Monin-776

Obukhov scaling. The latter result is perhaps unsurprising as the near-wall model is based on the777

Monin-Obukhov scaling.778

For the ocean boundary layer beneath the Larsen C Ice Shelf, Figure B2 shows the evolution779

of the Obukhov length scale L+ for the large domain near-wall model LES. For a large portion780

of the spring-neap tidal cycle L+ > 103, especially in the time interval that was of most interest781

(Day 70 onwards). It was only for L+ < 103 that there was significant departure for both ΓT and782

ΓS (Figure B1). In the near-wall model LES, L+ < 103 when the tidal forcing was weakest and783

friction velocity smallest. These intervals are relatively short and, as both melt rate and friction784

velocity were small here, we assume that the transfer coefficient departure did not significantly785

influence the overall flow.786

APPENDIX C787

Simulation without the slope and plume788

An additional large domain simulation was conducted with exactly the same set up as the original789

sloped simulation (outlined in Section 2) but with no basal slope. The simulation was initialised790

in the same manner and run for over 100 days. There was almost no change in most of the flow791

properties examined here, with a couple of key exceptions outlined below.792

The evolution of the slope-parallel velocity profiles is shown in Figure C1. The Ekman layer was793

set up almost immediately (within the first 12 hour period) but continued to change over time as the794

tides varied direction. The slow deepening of the mixed layer region is also shown in the velocity795

profiles. The simulations with and without the basal slope showed flow that was quite similar,796

but the sloped case showed more across-slope movement as there was a buoyant meltwater plume797
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(Figure C1). The buoyant plume is diverted to primarily across slope movement due to geostrophy798

(Jenkins 2016).799

The bulk properties of the stratification evolved in a very similar manner regardless of the basal800

slope with minor influences on the bulk melt rate and friction velocities. One key difference801

appeared when comparing the far-field speed to the instantaneous melt rate and drag coefficient802

(Figure C2). There is noticeably less skewness in the histogram of Cd values at a given speed (cyan803

lines) compared to the sloped simulation (Figure 5c). This is consistent with a weak meltwater804

plume being present in the upper water column that has some distinct movement which is separate805

from the tidal forcing movement in the far-field. The transfer coefficients ΓT , ΓS remain largely806

unchanged.807

The other main difference was the evolution of the Ekman rolls (Figure C3). The rolls formed in808

the same manner as the sloped simulation, including the same angle and about 200m wide. Unlike809

the sloped simulation, the roll width in the flat ice case remained at about 200m until the end of the810

simulation, where the signal became weak compared to other flow turbulence. The cut-off TKE811

then anomalously picked the domain-size as the dominant mode – this is an artefact of the method812

for averaging TKE spectra if the overall signal becomes too weak. The roll contribution to the813

total TKE was a similar contribution to the sloped case. The lack of a meltwater plume may be814

the reason that the roll width remains close to 200m in the simulation with a flat ice base. We note815

that the mixed layer depth appeared to continue evolving in depth with time, similar to the sloped816

case, so this does not explain the limiting roll depth of 200m.817
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TABLE 1. Constants used in the tidal forcing terms in the LES, based on Davis and Nicholls (2019) observed

values. The amplitudes have been multiplied by a factor of 1.3 to result in maximum speeds that are on par with

the observed values. Also note that we have converted Davis and Nicholls (2019)’s tidal ellipse parameters into

tidal amplitude and phase lag to use here.
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Mode Au (m/s) Av (m/s) Φu (rad) Φv (rad) ω (rad/s)

O1 7.00×10−2 4.68×10−2 1.038 3.80 6.76×10−5

K1 8.26×10−2 4.46×10−2 2.51 5.41 7.29×10−5

M2 8.23×10−2 1.51×10−2 4.79 3.50 1.41×10−4
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Fig. 1. Schematic showing the simulations of the ocean beneath the melting Larsen C Ice Shelf.975

Left: map of Larsen C Ice Shelf with hot water drill access hole shown as green dot. The976

colour contours show the ice base depth below sea level from Bedmap2 (Fretwell et al.977

2013). Middle: simulated rectangular domain (not to scale) which is tilted in the x direction978

to model the slope of the ice shelf base. The melt rate is a snapshot taken at Day 70 of the979

large domain simulation. Right: tidal ellipses that match the three strongest modes from the980

observations (Davis and Nicholls 2019). . . . . . . . . . . . . . . . 50981

Fig. 2. Time dependence of (a) far-field slope-parallel velocities and speed, (b) friction velocity982

calculated at the ice base (u∗, Eqn. 7), (c) ice shelf melt rate, and (d) the mixed layer983

depth for the large domain simulation. All results have been averaged in the slope-parallel984

directions across the domain. On (c) the dotted line shows the year-averaged observed melt985

rate (Davis and Nicholls 2019). The jumps in mixed layer depth are set by model resolution. . 51986

Fig. 3. Vertical profiles of (a) temperature and (b) salinity, vertical gradients of (c) temperature and987

(d) salinity, and (e) the T -S diagram. The simulation profiles are shown at different points988

in time and have been averaged in the slope-parallel directions across the domain. Note989

that the topmost values of T , S are from the top of the water column (the first grid cell990

beneath the ice) rather than being the ice-ocean boundary conditions Tb, Sb. Observations991

from Larsen C Ice Shelf are also shown where CTD1 (dark green) was taken 7 hrs before992

CTD2 (light green) (Nicholls et al. 2012; Davis and Nicholls 2019). The observed profiles993

were smoothed using a moving average filter prior to the gradient being calculated for (c,994

d), where the top and bottom 5% of the vertical gradient profiles are not shown as they are995

outside the window of the moving average filter. In (e) the freezing point at the pressure of996

the ice-base is shown as the dotted line. . . . . . . . . . . . . . . . 52997

Fig. 4. (a) Friction velocity and (b) drag coefficient against current speed, where ucovar
∗ was calcu-998

lated using the covariance method (Eqn. 8). Line colour corresponds to the depth at which999

ucovar
∗ , Ccovar

d , and current speed were calculated (blue = 2.5 m depth, red = 13.5 m depth).1000

In the LES, all variables were averaged in the slope-parallel directions and the results are1001

shown for Days 70 to 100 only. Also included are the Davis and Nicholls (2019) observa-1002

tions over more than a year period for the Upper MAVS (2.5 m depth, light blue) and Lower1003

MAVS (13.5 m depth, light pink) and the best fits to the observed data (black lines). (c) The1004

evolution of the LES ucovar
∗ , along with u∗ calculated at the ice base (Eqn. 7; orange line)1005

and the far-field speed (dashed grey). The evolution of LES (d) ucovar
∗ , (e) speed, and (f)1006

stratification in the uppermost 50 m of the domain for Day 76 (shaded region in (c)). . . . 531007

Fig. 5. The (a) melt rate, (b) friction velocity and (c) drag coefficient against speed. The transfer1008

coefficients for (d) heat and (e) salt, and (f) the drag coefficient with depth. The current speed1009

and melt rate were averaged in the slope-parallel directions across the domain. The results1010

are shown for Days 70 to 100 of the simulation only. In (a-c) the line colour corresponds1011

to the depth at which Cd and the current speed were calculated (blue = 2.5m depth, red =1012

13.5m depth and cyan = far-field at 190m depth). In (c, f) the drag coefficient was calculated1013

using friction velocity at the ice base (Eqn. 7). . . . . . . . . . . . . . 541014

Fig. 6. Snapshot taken at Day 70 for the large domain simulation shows the vertical velocity, tem-1015

perature and slope-parallel speed of the three-dimensional flow. An isothermal (green line)1016

of T = −2.02◦C is shown on the vertical slice of temperature. The slope-parallel slice of1017

speed is from 20 m depth, with the far-field speed and orientation also included for this time1018

step (white arrow). The dashed rectangle on the slope-parallel slice demonstrates the size1019

and orientation of the small domain simulation. . . . . . . . . . . . . . 551020
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Fig. 7. Turbulent kinetic energy in wavenumber space (k, l). The TKE was calculated from a slope-1021

parallel slice of velocity corresponding to the same time and depth shown in Figure 6 (Day1022

70, z = −20 m). Velocity fluctuations were taken with respect to values averaged in the1023

slope-parallel directions. The green contour shows the chosen cut-off TKE = 3× 10−9
1024

m2s−2. . . . . . . . . . . . . . . . . . . . . . . . . 561025

Fig. 8. The evolution of the Ekman rolls at depth z =−20 m. (a) Mean current speed of the flow at1026

z =−20 m, (b) roll width, (c) roll angle, and (d) averaged turbulent kinetic energy TKE. The1027

TKE has been averaged across the slope-parallel slice at z =−20 m for each time step. The1028

total of this average TKE is shown, along with the portion associated with the Ekman rolls.1029

The Ekman roll portion of TKE was calculated using the chosen cut-off in wavenumber1030

space (cut off value of TKE = 3×10−9 m2s−2 for the large domain grid resolution). . . . 571031

Fig. 9. Snapshot taken at Day 70 for the small domain simulation shows the vertical velocity, tem-1032

perature and slope-parallel speed of the three-dimensional flow. An isothermal (green line)1033

of T = −2.02◦C is shown on the vertical slice of temperature. The slope-parallel slice of1034

speed is from 10 m depth, with the far-field speed and orientation also included for this time1035

step (white arrow). . . . . . . . . . . . . . . . . . . . . . 581036

Fig. 10. The resolved versus sub-grid scale contributions for the vertical heat flux at different depths.1037

(a) The sub-grid scale heat diffusivity κSGS for the large (low resolution) and small (high1038

resolution) domain simulations. The vertical heat flux of the resolved and sub-grid scale1039

contributions for (b) the large domain and (c) the small domain. All values have been aver-1040

aged in the slope-parallel directions across the domain, and averaged in time for the duration1041

of the reinitialised simulations (Day 52 to Day 78). Note that results are shown for the top1042

100 m only, and that the zero line is plotted in (b) and (c) as a thin black dotted line. . . . . 591043

Fig. 11. Partitioning of the turbulent kinetic energy and vertical heat flux into the contribution from1044

the Ekman rolls for the small domain (high resolution) simulation. The slope-parallel av-1045

eraged speed of the far-field current is included in (a) for reference. The averaged (in the1046

x′ direction) TKE partitioning is shown for (b) z = −10 m and (d) z = −20 m. The aver-1047

aged (in the x′ direction) vertical heat flux partitioning is shown for (c) z = −10 m and (e)1048

z =−20 m. A cumulative sum of the vertical heat flux is shown for both depths in (f). Each1049

figure (b)–(f) shows the total (cyan) and the component just associated with the Ekman rolls1050

(blue). Also shown in (c), (e), and (f) is the resolved contribution to the vertical heat trans-1051

port (pink). The cumulative sum in (f) has been normalised so that the final vertical heat flux1052

value equals the time-mean across the total interval, for ease of comparison with Figure 10.1053

The partitioning was done using the TKE cutoff of 6×10−6 m2s−2, which is equivalent to1054

the TKE cutoff used in Figures 7 and 8 for the large domain simulation. . . . . . . . 601055

Fig. 12. Vertical profiles of (a) temperature and (b) salinity for the small domain (high resolution)1056

simulation. The simulation profiles are shown at different points in time and have been1057

averaged in the slope-parallel directions across the domain. Note that the topmost values1058

of T , S are from the top of the water column (the first grid cell beneath the ice) rather than1059

being the ice-ocean boundary conditions Tb, Sb. . . . . . . . . . . . . . 611060

Fig. 13. Time evolution and wavelet analysis for a point measurement at depth z=−20 m in the large1061

domain simulation, where the time sampling was approximately 16 seconds for the interval1062

shown. The point measurement time series of (a) the two slope-parallel velocity compo-1063

nents, (b) the temperature, and (c) the resulting wavelet transform for just the temperature1064

measurement. The white dashed line is the M2 tidal component, the other two tidal compo-1065

nents K1, O1 are at periods slightly larger than the interval shown. The wavelet transform1066
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uses Generalized Morse Wavelets with γ = 3 and β = 2 (please refer to the jLab MATLAB1067

toolbox by Lilly (2017) for the meaning and detailed discussion of these parameters). . . . 621068

Fig. B1. Near-wall model (NWM) validation: transfer coefficients of (a) heat ΓT and (b) salt ΓS ,1069

and (c) drag coefficient Cd (Eqn. B14) against Obukhov length scale ratio L+, and (d) melt1070

rate against thermal driving ∆T = Tz=−2m−Tb. The results from resolved LES of the upper1071

2m below the ice base reported in Vreugdenhil and Taylor (2019) are shown as the solid1072

symbols (and thick lines), and results using the derived near-wall model with the first grid1073

point within the log layer (8cm from base of the ice) are shown as the open symbols (and1074

thin lines). Colours show two different friction velocities. Solid lines are u∗ = 0.05 cm/s1075

cases and dashed lines are u∗ = 0.1 cm/s cases. In (a)-(c), the red lines show the Monin–1076

Obukhov scaling that the near-wall model is based on. The lines in panel (d) correspond to1077

the passive scalar limit. . . . . . . . . . . . . . . . . . . . . 631078

Fig. B2. The Obukhov length scale ratio L+ with time for the large domain near-wall model LES. . . 641079

Fig. C1. Vertical profiles of slope-parallel velocity (a, c) u and (b, d) v for the simulations with ice1080

base slope (a, b) and no slope (c, d). The simulation profiles are shown at different points in1081

time and have been averaged in the slope-parallel directions across the domain. The dotted1082

lines show the Ekman layer depth,
√

2νSGS/ f , where νSGS ≈ 10−3 m2s−1 was the maximum1083

turbulent viscosity. Note that the topmost values of u, v are from the first grid cell beneath1084

the ice rather than being the ice-ocean boundary conditions which are no-slip (zero u, v). . . 651085

Fig. C2. The (a) melt rate, (b) friction velocity and (c) drag coefficient against speed for a simulation1086

with no slope. The transfer coefficients for (d) heat and (e) salt, and (f) the drag coefficient1087

with depth for a simulation with no slope. The current speed and melt rate were averaged1088

in the slope-parallel directions across the domain. The results are shown for Days 70 to 1001089

of the simulation only. In (a-c) the line colour corresponds to the depth at which Cd and the1090

current speed were calculated (blue = 2.5m depth, red = 13.5m depth and cyan = far-field at1091

190m depth). In (c, f) the drag coefficient was calculated using friction velocity at the ice1092

base (Eqn. 7). . . . . . . . . . . . . . . . . . . . . . . 661093

Fig. C3. The evolution of the Ekman rolls at depth z = −20 m for a simulation with no slope. (a)1094

Mean current speed of the flow at z =−20 m, (b) roll width, (c) roll angle, and (d) averaged1095

turbulent kinetic energy TKE. The TKE has been averaged across the slope-parallel slice1096

at z = −20 m for each time step. The total of this average TKE is shown, along with the1097

portion associated with the Ekman rolls. The Ekman roll portion of TKE was calculated1098

using the chosen cut-off in wavenumber space (cut off value of TKE = 3×10−9 m2s−2 for1099

the large domain grid resolution). . . . . . . . . . . . . . . . . . 671100
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FIG. 1. Schematic showing the simulations of the ocean beneath the melting Larsen C Ice Shelf. Left: map

of Larsen C Ice Shelf with hot water drill access hole shown as green dot. The colour contours show the ice

base depth below sea level from Bedmap2 (Fretwell et al. 2013). Middle: simulated rectangular domain (not to

scale) which is tilted in the x direction to model the slope of the ice shelf base. The melt rate is a snapshot taken

at Day 70 of the large domain simulation. Right: tidal ellipses that match the three strongest modes from the

observations (Davis and Nicholls 2019).
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FIG. 2. Time dependence of (a) far-field slope-parallel velocities and speed, (b) friction velocity calculated at

the ice base (u∗, Eqn. 7), (c) ice shelf melt rate, and (d) the mixed layer depth for the large domain simulation.

All results have been averaged in the slope-parallel directions across the domain. On (c) the dotted line shows

the year-averaged observed melt rate (Davis and Nicholls 2019). The jumps in mixed layer depth are set by

model resolution.
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FIG. 3. Vertical profiles of (a) temperature and (b) salinity, vertical gradients of (c) temperature and (d)

salinity, and (e) the T -S diagram. The simulation profiles are shown at different points in time and have been

averaged in the slope-parallel directions across the domain. Note that the topmost values of T , S are from the

top of the water column (the first grid cell beneath the ice) rather than being the ice-ocean boundary conditions

Tb, Sb. Observations from Larsen C Ice Shelf are also shown where CTD1 (dark green) was taken 7 hrs before

CTD2 (light green) (Nicholls et al. 2012; Davis and Nicholls 2019). The observed profiles were smoothed using

a moving average filter prior to the gradient being calculated for (c, d), where the top and bottom 5% of the

vertical gradient profiles are not shown as they are outside the window of the moving average filter. In (e) the

freezing point at the pressure of the ice-base is shown as the dotted line.
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FIG. 4. (a) Friction velocity and (b) drag coefficient against current speed, where ucovar
∗ was calculated using

the covariance method (Eqn. 8). Line colour corresponds to the depth at which ucovar
∗ , Ccovar

d , and current speed

were calculated (blue = 2.5 m depth, red = 13.5 m depth). In the LES, all variables were averaged in the slope-

parallel directions and the results are shown for Days 70 to 100 only. Also included are the Davis and Nicholls

(2019) observations over more than a year period for the Upper MAVS (2.5 m depth, light blue) and Lower

MAVS (13.5 m depth, light pink) and the best fits to the observed data (black lines). (c) The evolution of the

LES ucovar
∗ , along with u∗ calculated at the ice base (Eqn. 7; orange line) and the far-field speed (dashed grey).

The evolution of LES (d) ucovar
∗ , (e) speed, and (f) stratification in the uppermost 50 m of the domain for Day 76

(shaded region in (c)).
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FIG. 5. The (a) melt rate, (b) friction velocity and (c) drag coefficient against speed. The transfer coefficients

for (d) heat and (e) salt, and (f) the drag coefficient with depth. The current speed and melt rate were averaged

in the slope-parallel directions across the domain. The results are shown for Days 70 to 100 of the simulation

only. In (a-c) the line colour corresponds to the depth at which Cd and the current speed were calculated (blue =

2.5m depth, red = 13.5m depth and cyan = far-field at 190m depth). In (c, f) the drag coefficient was calculated

using friction velocity at the ice base (Eqn. 7).
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FIG. 6. Snapshot taken at Day 70 for the large domain simulation shows the vertical velocity, temperature

and slope-parallel speed of the three-dimensional flow. An isothermal (green line) of T =−2.02◦C is shown on

the vertical slice of temperature. The slope-parallel slice of speed is from 20 m depth, with the far-field speed

and orientation also included for this time step (white arrow). The dashed rectangle on the slope-parallel slice

demonstrates the size and orientation of the small domain simulation.
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FIG. 7. Turbulent kinetic energy in wavenumber space (k, l). The TKE was calculated from a slope-parallel
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the chosen cut-off TKE = 3×10−9 m2s−2.
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FIG. 8. The evolution of the Ekman rolls at depth z=−20 m. (a) Mean current speed of the flow at z=−20 m,

(b) roll width, (c) roll angle, and (d) averaged turbulent kinetic energy TKE. The TKE has been averaged across

the slope-parallel slice at z =−20 m for each time step. The total of this average TKE is shown, along with the

portion associated with the Ekman rolls. The Ekman roll portion of TKE was calculated using the chosen cut-off

in wavenumber space (cut off value of TKE = 3×10−9 m2s−2 for the large domain grid resolution).
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FIG. 9. Snapshot taken at Day 70 for the small domain simulation shows the vertical velocity, temperature

and slope-parallel speed of the three-dimensional flow. An isothermal (green line) of T =−2.02◦C is shown on

the vertical slice of temperature. The slope-parallel slice of speed is from 10 m depth, with the far-field speed

and orientation also included for this time step (white arrow).
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z =−10 m and (d) z =−20 m. The averaged (in the x′ direction) vertical heat flux partitioning is shown for (c)

z =−10 m and (e) z =−20 m. A cumulative sum of the vertical heat flux is shown for both depths in (f). Each
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in (c), (e), and (f) is the resolved contribution to the vertical heat transport (pink). The cumulative sum in (f)

has been normalised so that the final vertical heat flux value equals the time-mean across the total interval, for

ease of comparison with Figure 10. The partitioning was done using the TKE cutoff of 6×10−6 m2s−2, which

is equivalent to the TKE cutoff used in Figures 7 and 8 for the large domain simulation.
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FIG. 12. Vertical profiles of (a) temperature and (b) salinity for the small domain (high resolution) simulation.

The simulation profiles are shown at different points in time and have been averaged in the slope-parallel direc-

tions across the domain. Note that the topmost values of T , S are from the top of the water column (the first grid

cell beneath the ice) rather than being the ice-ocean boundary conditions Tb, Sb.
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FIG. 13. Time evolution and wavelet analysis for a point measurement at depth z =−20 m in the large domain

simulation, where the time sampling was approximately 16 seconds for the interval shown. The point measure-

ment time series of (a) the two slope-parallel velocity components, (b) the temperature, and (c) the resulting

wavelet transform for just the temperature measurement. The white dashed line is the M2 tidal component, the

other two tidal components K1, O1 are at periods slightly larger than the interval shown. The wavelet transform

uses Generalized Morse Wavelets with γ = 3 and β = 2 (please refer to the jLab MATLAB toolbox by Lilly

(2017) for the meaning and detailed discussion of these parameters).
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Fig. B1. Near-wall model (NWM) validation: transfer coefficients of (a) heat ΓT and (b) salt ΓS , and (c)

drag coefficient Cd (Eqn. B14) against Obukhov length scale ratio L+, and (d) melt rate against thermal driving

∆T = Tz=−2m−Tb. The results from resolved LES of the upper 2m below the ice base reported in Vreugdenhil

and Taylor (2019) are shown as the solid symbols (and thick lines), and results using the derived near-wall model

with the first grid point within the log layer (8cm from base of the ice) are shown as the open symbols (and thin

lines). Colours show two different friction velocities. Solid lines are u∗ = 0.05 cm/s cases and dashed lines are

u∗ = 0.1 cm/s cases. In (a)-(c), the red lines show the Monin–Obukhov scaling that the near-wall model is based

on. The lines in panel (d) correspond to the passive scalar limit.
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Fig. B2. The Obukhov length scale ratio L+ with time for the large domain near-wall model LES.
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Fig. C1. Vertical profiles of slope-parallel velocity (a, c) u and (b, d) v for the simulations with ice base slope

(a, b) and no slope (c, d). The simulation profiles are shown at different points in time and have been averaged

in the slope-parallel directions across the domain. The dotted lines show the Ekman layer depth,
√

2νSGS/ f ,

where νSGS ≈ 10−3 m2s−1 was the maximum turbulent viscosity. Note that the topmost values of u, v are from

the first grid cell beneath the ice rather than being the ice-ocean boundary conditions which are no-slip (zero u,

v).
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Fig. C2. The (a) melt rate, (b) friction velocity and (c) drag coefficient against speed for a simulation with no

slope. The transfer coefficients for (d) heat and (e) salt, and (f) the drag coefficient with depth for a simulation

with no slope. The current speed and melt rate were averaged in the slope-parallel directions across the domain.

The results are shown for Days 70 to 100 of the simulation only. In (a-c) the line colour corresponds to the depth

at which Cd and the current speed were calculated (blue = 2.5m depth, red = 13.5m depth and cyan = far-field at

190m depth). In (c, f) the drag coefficient was calculated using friction velocity at the ice base (Eqn. 7).
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Fig. C3. The evolution of the Ekman rolls at depth z = −20 m for a simulation with no slope. (a) Mean

current speed of the flow at z = −20 m, (b) roll width, (c) roll angle, and (d) averaged turbulent kinetic energy

TKE. The TKE has been averaged across the slope-parallel slice at z = −20 m for each time step. The total of

this average TKE is shown, along with the portion associated with the Ekman rolls. The Ekman roll portion of

TKE was calculated using the chosen cut-off in wavenumber space (cut off value of TKE = 3×10−9 m2s−2 for

the large domain grid resolution).
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