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Abstract. Small scale, turbulent flow below ice shelves is regionally isolated and difficult to measure and simulate. Yet these
small scale processes, which regulate heat and salt transfer between the ocean and ice shelves, can affect sea-level rise by
altering the ability of Antarctic ice shelves to “buttress” ice flux to the ocean. In this study, we improve our understanding of
turbulence below ice shelves by means of large-eddy simulations at sub-meter resolution, capturing boundary layer mixing at
scales intermediate between laboratory experiments or direct numerical simulations and regional or global ocean circulation
models. Our simulations feature the development of an ice-shelf ocean boundary layer through dynamic ice melting in a regime
with low thermal driving, low ice-shelf basal slope, and strong shear driven by the geostrophic flow. We present a preliminary
assessment of existing ice-shelf basal melt parameterizations adopted in single component or coupled ice-sheet and ocean
models on the basis of a small parameter study. While the parameterized linear relationship between ice-shelf melt rate and
far-field ocean temperature appears to be robust, we point out a little-considered relationship between ice-shelf basal slope and

melting worthy of further study.

1 Introduction

The largest source of uncertainty in future sea level rise is the potential loss of ice from the Antarctic Ice Sheet (IPCC, 2014).
The rate of grounded ice loss is highly sensitive to the melting of ice shelves, which drain over 80% of Antarctica’s grounded ice
(Reese et al., 2018; Rignot et al., 2013). The Ice-shelf Ocean Boundary Layer (IOBL) controls ice-shelf melting by regulating
oceanic heat and salt fluxes to the ice shelf base. Thus, accurate predictions of ice-shelf melting depend on representing the
turbulent dynamics of the IOBL. This representation is also critical for evaluating the sensitivity of the coupled land ice-ocean
system to changes in ocean conditions. Of particular concern is the sensitivity of ice-shelf melting to increasing seawater
temperature at depth, a trend observed along a wide swath of the West Antarctic coastline and a potential trigger for West
Antarctic Ice Sheet collapse (Purkey et al., 2018; Ruan et al., 2021; Schmidtko et al., 2014; Wahlin et al., 2021).

One indication that ocean models do not capture turbulent dynamics in the IOBL is that the simulated thermal driving, the
difference between ocean temperature and the local freezing point, and consequently the simulated melt rate differ significantly
between ocean models and as resolution is varied within a model (Gwyther et al., 2020). Furthermore, ocean models predict
ice-shelf melting using parameterizations that neglect the effects of the lateral buoyancy gradient of the IOBL, and often of the

vertical buoyancy gradient, on the efficiency of vertical mixing near the boundary. This model deficiency likely biases turbulent
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fluxes through the IOBL and ocean cavity circulation, which is driven in large part by the buoyant flow of water freshened by
ice-shelf melting, an overturning circulation also known as the “ice pump” (Webber et al., 2018). A new parameterization of
ice-shelf melting that accounts for the dynamics of IOBL turbulence is needed to achieve a more physically based, accurate
coupling of ice sheets and oceans in climate models (Dinniman et al., 2016; Edwards et al., 2021; Gwyther et al., 2020;
Naughten et al., 2018). Supercooling of the IOBL and frazil ice accretion to the ice-shelf base are also regionally important
processes for cold cavities, but are not the focus of this work (Galton-Fenzi et al., 2012; Jordan et al., 2015).

IOBLs present unique conditions in the global ocean, involving a stabilizing buoyancy flux from melting ice and a bound-
ary layer that is positively buoyant against a sloping boundary. There is a rich literature on stably-stratified boundary layers
(typically under constant stabilizing flux boundary conditions), but the dependence of heat, salt and momentum fluxes on
stratification remains a difficult problem, especially for strongly stratified regimes (Zonta and Soldati, 2018). IOBL turbulence
has been explored through laboratory experiments, direct numerical simulations, and large-eddy simulations (Middleton et al.,
2021; Mondal et al., 2019; Vreugdenhil and Taylor, 2019; McConnochie and Kerr, 2018; Rosevear et al., 2021). However, this
body of work has not yet matured to setting a new standard for ice-shelf melt parameterization in ocean models. Today, the most
commonly used ice-shelf melt parameterization still derives from sea-ice conditions (i.e., in the absence of a slope) with some
parameters tuned for ice-shelf settings (Holland and Jenkins, 1999; Jenkins et al., 2010; McPhee et al., 1987). A knowledge
gap exists in bridging IOBL dynamics across scales and characterizing the structure of buoyant plumes. Recently, this has been
addressed through non-turbulence-resolving 2-d or 2.5-d models (Cheng et al., 2020; Jenkins, 2016, 2021). Notably, Jenkins
(2021) found that vertical mixing in IOBL settings was represented poorly by the commonly-used K-Profile Parameterization
(KPP) in comparison to a higher-order turbulence closure scheme, suggesting that the application of KPP in ocean models may
be inappropriate in ice-shelf cavities.

In this study, we model turbulent heat, salt, and momentum fluxes through the IOBL using Large-Eddy Simulation (LES).
Whereas the ocean models typically used to model sub-ice-shelf circulation lack both the resolution and appropriate param-
eterizations needed to capture the relevant turbulent scales for boundary layer dynamics, LES captures the dominant energy-
containing scales of turbulence and represents smaller, unresolved scales with varying degrees of complexity. An effective
parameterization of ice-shelf melting is likely to rest on an understanding of how turbulent mixing in the IOBL depends on
stratification and shear forcing. We vary far-field ocean temperature and ice-shelf slope between model runs and characterize
turbulent fluxes and ice-shelf melt rates. In this study we focus on the high-shear, low thermal driving regime. The target of
previous LES studies has been on low-shear settings (Middleton et al., 2021; Vreugdenhil and Taylor, 2019). Section 2 de-
scribes the LES model, its turbulence closure scheme, and the set-up of our simulations. Section 3 presents the results of our
simulations, with a focus on comparisons across the sampled range of thermal driving and slope. The discussion is given in
two parts: Section 4.1 contextualizes the features of our simulated IOBL turbulence and discusses limitations of this study, and
Section 4.2 focuses on how this study informs parameterizations of ice-shelf melting and IOBL turbulence. We provide some

closing thoughts in Section 5.
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2 Methods
2.1 Overview of the LES model

The PArallelized Large eddy simulation Model (PALM) was developed at the Institute of Meteorology and Climatology at
Leibniz Universitat Hannover, Germany (Raasch and Schroter, 2001) for simulation of atmospheric and ocean boundary layers.
For this application to sub-ice-shelf settings, we developed a new version based on PALM v5.0 (Maronga et al., 2015) with
added features including a boundary flux scheme for the ice-ocean interface, rotating the gravity and Coriolis vectors for sloped
domains, and a different turbulence closure scheme. Here, we provide a brief overview of PALM with a focus on our additions.
For more details we refer readers to Maronga et al. (2015).

The governing equations of PALM are the following:
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The momentum terms on the right hand side of Equation 1 are, in order: advection, Coriolis forcing, imposed geostrophic

flow with a geostrophic velocity 14, buoyancy forcing, a correction for divergence in the flow using the pressure perturbation
m* (imposing incompressibility), and sub-grid scale momentum flux. All prognostic variables are considered filtered at the grid
scale. This is typically denoted by the overbar, which we omit except for the sub-grid turbulent flux terms to emphasize that
we only represent averaged effects with a turbulence closure scheme. Double primes denote sub-grid fluctuations.

We represent a sloping ice base by rotating the gravity (g) and Coriolis (f) vectors while keeping the domain a rectangular

prism as in Vreugdenhil and Taylor (2019). Specifically,

g = g:[sinasin 3,sinacos §, cosa] (5)

f =2Q[sin¢sinasin 8, cospsinacos 3, sin ¢ cos a] (6)

where g, is the magnitude of gravitational acceleration in the geopotential z-direction, S is the angle the up-slope direction
makes with north, and « is the slope angle from horizontal or equivalently the angle between the z-axis and g. For the rotated
Coriolis vector f, € is the rotation rate and ¢ is the latitude. Unless otherwise specified, quantities are oriented with the

simulated grid.
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The buoyancy term in Equation 1 combines the contributions of along-slope pressure gradient due to the slope of the ice
shelf in hydrostatic equilibrium and buoyancy due to changes in density relative to the ambient density of the water column
pa. We use the nonlinear equation of state from Jackett et al. (2006) to compute densities. p, varies along slope and with depth

from the ice interface as a function of the hydrostatic pressure:

pa(xayaz) :fEOS (91(2)752(2)7])(1‘7]472)) (7N

where the superscript ¢ denotes the initial state. The reference density pg is evaluated in the center of the x-y plane (pg(z) =
Pa(Tmid,Ymid,?))- We neglect hydrostatic pressure gradients along slope, except through p, in the buoyancy term. For the
maximum slope simulated in this study, the maximum hydrostatic pressure gradient is on the order of 100 Pam~!. This
simplification has the advantage of avoiding pressure discontinuities across periodic boundary.

The terms on the right-hand side of the heat and salt conservation equations (Equations 3 and 4) are advection by the resolved
flow, turbulent transport by the sub-grid scale fluctuations, and the source and sink terms ®¢ 5. The source and sink terms are
zero in our simulations because we treat heat and salt fluxes due to melting at the boundaries through the sub-grid vertical flux
term, as discussed in Section 2.2.

We employ PALM’s implementation of the Piacsek and Williams (1970) second-order advection scheme for momentum
and scalars and a third-order Runge-Kutta timestepping scheme. We also use the Temperton (1992) Fast-Fourier Transform
algorithm for the pressure solver.

The turbulence closure scheme is Anisotropic Minimum Dissipation (AMD; Rozema et al., 2015) employing the extension
to scalars introduced by Abkar et al. (2016). We validated our implementation against the stable atmospheric boundary layer
test case published in Abkar and Moin (2017) and Stoll and Porté-Agel (2008). We follow Abkar and Moin (2017) model
set-up exactly and chose their moderate resolution with 72x72x72 grid points. Our results are in good agreement with the
Abkar and Moin (2017) solution employing another LES model with AMD (boundary layer height differs by <10%) and other
LES models with different turbulence closures (Fig. S1, their Fig. 1 and references therein). Typical sub-grid scale momentum

2

and scalar diffusivities in our sub-ice-shelf simulations of stratified turbulence range from 1075 to 10~* m?s~! in the upper

two-thirds of the domain where damping is not applied (the damping methodology is discussed in Section 2.3).
2.2 Boundary conditions for ice-shelf melting

Sources and sinks of momentum, heat and salt due to interactions between the flow and the ice base are all parameterized as
sub-grid fluxes at the boundary. The resolved vertical fluxes at the top layer of the model go to zero as w goes to zero according
to the no-flux boundary condition, and the sub-grid fluxes are determined using the scheme described below in place of the
AMD scheme at the top layer. PALM is vertically discretized such that the ice boundary (z = 0) is located at the edge of the
top cell where the vertical velocity component resides and scalars and horizontal velocity components are located at mid-depth
of the top cell (z = — %Az). We denote the interface location with subscript b and the middle of the first cell below the interface

. . 1
with subscript 5.
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Subgrid momentum fluxes are parameterized according to law of the wall following a linear stability function for stabilizing

buoyancy forcing as in Vreugdenhil and Taylor (2019):

K {ui (Z%) — u“,} (8)
In (z%/z()) -, (C%)

for the horizontal velocity components (i.e., i = 1,2). {x = 2;/Lo is the depth from the boundary scaled by the Monin-

"o
w'uyy =

Obukhov length, u, is the friction velocity, and z is the roughness length. The horizontal velocity at the boundary wu; 5 is
always 0. The Monin-Obukhov length L, computed following McPhee et al. (1987), is a function of both u, and the melt
rate. The stability function W, is linear with the scaled depth:

U, (0) =1+ B )

This parameterization assumes that Coriolis forces are not locally dominant in the momentum balance.

Similarly, the sub-grid fluxes of scalars are parameterized by
w0, =Tou. (0, —0,) , 'Sy =Tsu. (S - $y) (10)

where the exchange coefficients are defined with two terms, one representing turbulent transfer within the turbulent surface

layer and one representing molecular transfer within the viscous sublayer following McPhee et al. (1987) (their Equation 11):

Iy = (F(),turb + I-_‘0,77'101) 5 1—‘S = (FS,turb + FS,mol) (11)

The turbulent flux component follows a shape function consistent with the parameterization of momentum fluxes in Equation
8

Lo tury = K" {m (Z%/Zo> — 0, (C%)} I {m (z%/zo) Uy (gé)} (12)

with analogous stability functions to momentum, Equation 9,

Wy(¢) =1+ B¢, ¥s(¢) =14 Bs¢ (13)

The coefficients of these stability functions are chosen as in Zhou et al. (2017) and are given in Table S1. The molecular flux
components are constant in our simulations following McPhee et al. (1987) and are also given in Table S1. If a portion of the
ice face experiences freezing, I'g and I'g are set to a higher value indicating destabilizing fluxes (I'y, Table S1).

Taking into account the role of meltwater advection, Equation 10 is replaced by the following “virtual” freshwater flux form

in our implementation (Asay-Davis et al., 2016; Jenkins et al., 2001):

w"0"y, = —cou {F -T Sbsé] (9 -0 ) (14)
ptis |To—Ts— b— 01

WS, = [rs T Sﬂ (5-5,) (15)
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The temperature and salinity at the ice-ocean interface, 6, and S, are unknown. Three equations are used to solve for these

quantities and the melt rate m, the so-called three-equation parameterization:

pepw” 0"y = —pymL (16)
pw”’ 8"y = —p,mSy (I7)
Oy =0 (p, Sp) (18)

These equations specify that heat and salt are conserved at the ice-ocean interface (Equations 16 and 17) and the interface
temperature is fixed at the local freezing temperature 6 (Equation 18). Equation 16 assumes that the conductive heat flux into
ice is negligible. p,, denotes the density of freshwater. The freezing point is calculated using the polynomial function from
Jackett et al. (2006).

The PALM implementation applies the fluxes w”u}’,, w” 6"y, w”S"; at the center of the first grid cell from the boundary
without interpolation (i.e., w” X, = w” X"’ %). It is noted by the PALM developers that this error was found to be small, but
we have not confirmed this for the sub-ice case. This error would be small if the first ~10 cm were nearly a constant flux layer;

McPhee (1981) hypothesized that the sub-ice surface layer would be nearly but not exactly a constant flux layer.
2.3 Simulation set-up

A schematic of the simulation domain is shown in Figure 1. A list of parameter choices relevant to our simulations can be
found in Table S1. The domain is a 64 m> cube with horizontal resolution of 0.5 m and vertical resolution of 0.25 m. The ice-
ocean interface is located on the top boundary of the domain. Large-scale horizontal pressure gradients drive the mean flow,
which is geostrophic in the far-field where buoyancy does not modify the flow. We choose a pressure of 800 dbar at the top of
the domain, an intermediate choice given that the depth of ice shelf bottoms ranges an order of magnitude (roughly -2000 m
to -200 m). The potentially dynamically relevant differences between conducting these simulations at surface pressure and
800 dbar is that the first derivative of the freezing temperature with respect to salinity is 20% smaller and the first derivative of
density with respect to salinity is about 2 times larger.

We set von Neumann boundary conditions at the top boundary corresponding to the dynamic sub-grid momentum and scalar
fluxes (Equations 8, 14, and 15), as resolved fluxes go to zero at a no-penetration boundary. The roughness length (z; in Equa-
tions 8 and 12) is chosen such that the equivalent drag coefficient assuming quadratic drag is 0.003, an intermediate value for
sea ice and ice shelf bottoms, though poorly constrained (Holland and Jenkins, 1999; Holland and Feltham, 2006; MacAyeal,
1984; Nicholls et al., 2006). Boundary conditions are Dirichlet at the bottom boundary, set to the far-field temperature, salinity,
and geostrophic velocity. The bottom third of the domain is a sponge layer (Rayleigh damping) within which velocity, temper-
ature, and salinity are relaxed toward their assigned values at the bottom of the domain (Klemp and Lilly, 1978; Maronga et al.,
2015). The sponge layer results in negligible vertical fluxes of heat, salt, or momentum across the bottom boundary because
scalar and velocity gradients go to 0. The flow is periodic along the x and y dimensions.

We present two sets of simulations which have a base case in common. The base case has low far-field thermal driving of

0.15°C and a slope of 1° and vigorous far-field inertial oscillations of 20 cm s ~! generated by a 0.03 Pam ™! pressure gradient.
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Figure 1. Schematic of the simulated ocean domain with background pressure gradient dp/dy. Purple arrow is oriented north and green arrow

is aligned with gravitational acceleration. *The bottom boundary condition is Dirichlet, but there is also no flux as a result of damping.

These conditions were chosen to favor an energetic regime, for reasons discussed in Section 4.1. To examine the relationship
between thermal driving and melt rate, as well as turbulent flow characteristics, we vary the far-field thermal driving from
0.15°C to 0.6°C in the first set of simulations. The far-field thermal driving, Af, is defined as the difference between the far-
field temperature (f..) and the freezing temperature based on the far-field salinity (6(S )). In the second set of simulations,
we reduce the slope from 1° to 0.01°. The ice base always slopes to the east in the positive x-dimension of our domain, thus
B =90°. The far-field salinity for all runs is 35 gkg~'. Initially, both temperature and salinity increase with depth over the
upper two-thirds of the domain. The background salinity stratification dominates the density stratification, with an inverse
stability ratio R7, of 20.

We initiate turbulence over first 50 min of the simulation with perturbations to the horizontal velocity components on the
order of 0.01 ms~!. The simulation duration is 50 h, corresponding to ~4 inertial periods of 13h. PALM employs adaptive
timestepping; timesteps for the simulations presented here range from 0.5 s to 2.75 s after 2 h. By the end of our simulations,
the time-mean kinetic energy of the flow has reached steady-state. However, the turbulent intensity for all cases continues to
decline, with more pronounced turbulence kinetic energy (TKE) loss at lower slopes (Figure 2a,d). Unless stated otherwise,
the results are presented as averages over the last simulated inertial period and over the domain excluding the sponge layer.

We compute an effective thermal exchange coefficient that differs from that employed by the sub-grid scheme to represent
the efficiency of heat exchange that may need to be represented to produce accurate melt rates in an ocean model that does not
have the vertical resolution or sophisticated turbulence closure that we employ here. This derived thermal exchange coefficient,
I'7,ger, can be computed using Equations 10 and 16 from the simulated melt rate and ocean properties at any depth below z 1
here chosen at -2 m. We substitute the friction velocity computed by Equation 8 with one computed using a quadratic drag law

from the velocity simulated 2 m below the boundary and the applied drag coefficient, consistent with drag implementations in
coarse-resolution ocean models.
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Figure 2. Time evolution of (a,d) domain-averaged, resolved turbulence kinetic energy (TKE), (b,e) melt rate and (c,f) friction velocity for
(a-c) thermal driving simulations and (d-f) variable slope simulations. The black curve represents the same simulation in all panels in this

and subsequent figures. The analysis window, the last inertial period, is shaded.

3 Results
3.1 Overview of the mean simulated state

Melt rates decline over the course of the simulations (Figure 2), preventing the identification of steady-state melt rates for
most runs. This decline is in response to the concomitant increase in stratification during the course of the simulations, which
decreases vertical heat fluxes by reducing vertical turbulent fluctuations. We do not continue our simulations beyond 4 inertial
periods in the hope of reaching steady-state conditions because the increase in stratification reduces the turbulent length scales
and necessitates higher model resolution than we could computationally afford. Our simulations generally show resolved
turbulent fluxes exceeding subgrid turbulent fluxes by at least a factor of two, but subgrid turbulent fluxes dominate within
several meters of the ice base where the stratification is strongest (Figure S2). Resolved turbulent fluxes are also comparable
to subgrid turbulent fluxes late in the simulation of low slope cases after significant TKE has been lost (<0.1°C slopes,
Figure S2d). We evaluated the effects of doubling both horizontal and vertical resolution in a separate simulation with an
otherwise identical set-up to the base case, run for one inertial period after spin-up. While a greater portion of the vertical heat
fluxes was resolved as expected, the melt rate averaged over one inertial period only increased by 7% and differences in the

mean state were sufficiently small to justify the use of our standard resolution (Figure S3).
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Figure 3. Depth profiles of simulated properties as they vary with (a-c) thermal driving and (d-f) slope, averaged over the last inertial period.
(a,d) temperature relative to far-field temperature, (b,e) salinity relative to far-field salinity, and (c,f) velocity in the y-direction (solid line,

positive north, cross-slope) and in x-direction (dashed line, positive east, up-slope).

We present depth-profiles of temperature, salinity, and velocity at the end of all simulations (Figure 3). The time-averaged
far-field velocity shown in Figures 3c,f removes a periodic signal from inertial oscillations of the geostrophic velocity with a
characteristic magnitude of 20 cms~!. Ekman rotation near the boundary can be seen in all simulations (Figs. 3c,f), but for
more strongly sloped runs, buoyancy plays an increasingly strong role in driving the mean flow near the boundary. This effect
can be seen most clearly by comparing the up-slope component of the flow within several meters of the ice-ocean interface
across the slope-varying simulations (Figure 3f). These mean buoyancy effects increase flow velocities on the order of a few
cms~! as slope varies from 0.01° to 1°. Flow velocities near the boundary increase on the order of 10cms™! as far-field
thermal driving increases from 0.4 to 0.6°C at 1° slope (Figure 3c). This velocity increase is attributed to changes in the
magnitude of buoyancy forcing near the boundary, related to differences in melt rates. The vertical momentum flux profiles
shown in Figure 4a,c reveal that flow is accelerated (negative fluxes) over much of the IOBL, with drag dominating only within
the first few meters below the boundary.

All simulations show an evolution from the weakly stratified initial conditions to more strongly stratified conditions, par-
ticularly within the first 5 m of the ice-ocean interface (Figures 3b,e). In none of the simulations do we observe a well-mixed
boundary layer with respect to scalars. Rather, the simulations show varying degrees of stratification over the first 20 m from
the boundary. Stratification within the boundary layer increases with thermal driving (Figure 3a,b). Thus, the effect on strati-

fication of the increase in melt-induced buoyancy fluxes with thermal driving dominates over the increase in shear induced by
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Figure 4. Vertical profiles of (a,c) momentum flux, (b,e) heat flux, and (c,f) scaled heat flux averaged over the last inertial period. The first

row shows temperature cases, the second row shows slope cases. Momentum flux is expressed in two components: u’w’ (dashed) and v’ w’

(solid). Positive flux denotes upward flux (i.e., drag). The horizontal axis limits vary between panels.

the buoyant flow. Conversely, stratification decreases with increasing slope, indicating that the increase in shear induced by the

buoyant flow dominates over the increase in melt-induced buoyancy fluxes with slope.
3.2 Turbulent Kinetic energy budget

Shear production of turbulence dominates the TKE budget. The evolution of TKE can be described by three source terms and

dissipation:
d du ——d Pp— _ d —
£ = —u’w/d—u — v’w’d—v — B — D+ d—(w’p’ +w'e’)— e
z z p p z (19)
Fshear Fruoy Firans diss

Here, we characterize the evolution of resolved TKE and primes designate resolved fluctuations. Figure 5b-d shows the
source terms in this budget for the variable slope simulations; the analogous figure for the thermal driving simulations is
Figure S4 and shows similar patterns. Shear production (Fljcq,) ranges from ~ 107°-1078 m? s =3 with a maximum at the ice-
ocean interface and local maxima in the upslope flow within 5 m of the boundary (Figure 5a). The increase in TKE throughout

the boundary layer as slope increases reflects this shear-induced turbulence (Figure 5a).

2 3

Buoyancy production of turbulence (F},,0,) is 1 —2 orders of magnitude smaller than shear production, ~ 10~ 10_10=9m?s73.
For a sloped ice shelf, the buoyancy term can be broken into two components, the horizontal buoyancy fluxes that increase
turbulence when these fluxes are oriented upslope and the vertical buoyancy fluxes that decrease turbulence when ice is melting

(Equation 19). Since our simulations only produce melting, the vertical component is always negative (dashed lines, Figure

10
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5c¢). Over the coarse of an inertial oscillation, the horizontal component of buoyancy production is generally positive when the
mean flow is oriented upslope and negative when the the flow is oriented downslope. Interestingly, the time-averaged effect of
a slope is destruction of turbulence near the boundary and production of turbulence near the base of the boundary layer (dotted
lines, Figure 5c). The net effect of both horizontal and vertical buoyancy components is the destruction of turbulence through-
out the IOBL (solid lines, Figure 5b), with the exception of the base of the IOBL where the horizontal buoyancy component
augments entrainment. While these complexities are intriguing from a dynamical perspective, we do not explore them further
here since the buoyancy term is not of leading-order in the TKE budget.

The transport term (F},.4,,5) contains two components, advection of TKE due to pressure fluctuations and turbulent advection
of TKE. The former is negligible, reaching maximum values on the order of 10~*2 m? s~2 while the latter increases turbulence
at the boundary with oscillations of decreasing amplitude with distance from the boundary (Figure 5d).

Dissipation (diss), the remaining term in the TKE budget, can be inferred from the remainder of these terms and the rate of
change of TKE. Since we evaluate resolved TKE (e), dissipation here represents the transfer of energy to the sub-grid scales;
there is no flow of energy from sub-grid to resolved scales in the turbulence closure scheme. In these simulations TKE is not

in steady-state, with an average dissipation rate over the course of a simulation of O(10~*!) m?s~3

as seen in Figure 2a,d.
Dissipation in the IOBL is on the same order as shear production (1072 m? s=3), as all other terms in the TKE budget are

small.
3.3 Boundary layer turbulence

To demonstrate the simulated turbulent structures in this regime, we present horizontal and vertical cross-sectional snapshots
through the domain for the two slope end-members in Figure 6. Turbulent structures within the IOBL are consistent with
propagating Holmboe shear instabilities under stable stratification (Carpenter et al., 2010). Shear is stronger within the IOBL
than at the base of the IOBL due to the concentration of buoyant plume flow near the top of the IOBL. Consequently, the
amplitude of these structures increases near the boundary for the more strongly-sloped simulations (Figures 6). The difference
in IOBL turbulence with slope is perhaps best seen in the turbulent structures at 1 m from the ice-ocean interface (Figure
6e,f). The structures become increasingly filamentous (i.e., near-wall streaks, e.g., del Alamo and Jiménez (2003); Hoyas and
Jiménez (2006)) and coherent as slope and thus the velocity of the buoyancy-driven current increase. Since the stratification
decreases with increasing slope, the ratio of vertical to horizontal velocity variance also increases; velocity fluctuations are less
confined to the slope-parallel direction (Figure S5).

We define the base of the IOBL as the depth where the thermal driving relative to the far-field freezing point is 99% of
the far-field thermal driving. The IOBL depth increases through time, reaching 13—-19m at the end of the simulations. The
simulated boundary layer depth increases with the far-field thermal driving (from 13 to 19 m) and with ice-shelf basal slope
(from 15 to 19 m), reflecting the increase in flow velocities across those parameter changes which drives entrainment into the
IOBL. Figure 7 shows the temporal evolution of IOBL depth for a few simulations, with steady IOBL growth at low slopes

and punctuated growth at higher slopes corresponding to trends in TKE.
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Figure 5. (a) Simulated turbulence kinetic energy (TKE) and (b-d) TKE source terms for variable slope simulations averaged over the last
inertial period. (b) Shear production. (c) Buoyancy production: total (solid lines), vertical component (dashed), and upslope component

(dotted). (d) TKE transport. Positive denotes production, negative destruction of TKE. Note that the x-axis scales differ between panels.

Given the temporal variability in TKE in these simulations, we use a threshold in dissipation rate to characterize the mixing
layer depth, as distinct from the mixed layer depth. This criterion has been deployed for stratifying ocean boundary layers
(Franks, 2015; Sutherland et al., 2014). We consider the mixing layer as the depth interval over which the horizontal- and
hourly-averaged dissipation rate exceeds 10~ m? s~3. This mixing layer depth shows greater temporal variability than the
IOBL depth as defined by scalar concentration, and drops below that IOBL depth during periods of enhanced entrainment
(Figure 7).

There are also time periods over which the dissipation rate drops below 10~? m? s~ throughout the water column, indicating
intermittency in turbulence. We note that these intervals of low dissipation do not correspond to complete loss of TKE, nor
a shoaling of the IOBL depth as we have defined it (Figure 7). At higher slopes (> 0.5°), this intermittency is interrupted as
inertial oscillations enhance up-slope IOBL flow, increasing shear-driven mixing. This mixing front begins at the boundary

and propagates to the base of the IOBL over a few hours (Figure 7b). For the less stratified, low-slope cases, the intermittency
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Figure 6. Instantaneous flow structures observed at 40h in (a,c,e) 0.01° slope case and (b,d,f) 1° slope case. (a,b) Temperature in cross section

mid-way through the y-axis. (c,d) Salinity in cross-section mid-way through the y-axis. (e,f) Resolved cross-slope velocity fluctuations at

1 m below the ice-ocean interface.

in turbulence is more frequent, as the IOBL flows more slowly and generates less TKE production by shear (Figure 7a). We

discuss this intermittency and its possible implications further in Section 4.1.
3.4 Melting and its relation to thermal driving and slope

Average melt rates over the last inertial period range from 0.3-2.5 m (Fig. 2¢,f) and average Monin-Obukhov lengthscales are
3-5m (not shown). The dominant temporal frequency in melt rate is the inertial frequency, and the melt response to those
oscillations is highly nonlinear. Maximum melt rates occur when the mean flow is oriented between the up-slope direction and
the Coriolis-favored direction, and minimum melt rates roughly 180° opposed to that. These melt rate fluctuations correspond to

fluctuations in TKE which are reflected in the friction velocity shown in Figure 2b,e. The dominant contribution to turbulence
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due to turbulent transport, while the higher TKE at later times in (b) is due to shear production. IOBL depth is contoured in black.

is shear production of TKE, which changes its distribution with depth as the mean flow profile evolves. During high-melt
periods, the far-field flow is oriented up-slope and shear production of TKE is concentrated near the boundary. During low-
melt periods, the far-field flow is oriented down-slope and shear production of TKE is concentrated a few meters away from the
boundary. Melt rate fluctuations increase in amplitude as thermal driving increases and as slope increases, which we attribute
to the increasing importance of buoyancy forcing in driving a near-boundary plume and thus determining the depth-distribution
of shear. The two simulations associated with the highest thermal driving values, and the highest near-boundary stratification,
experience a dramatic reduction in melt rates during the down-slope flow period. This coincides with reduced friction velocity
(i.e., shear stress) at the ice interface (Figure 2b) and reduced vertical velocity fluctuations (not shown).

Time-averaged melt rates depend fairly linearly on far-field thermal driving (Figure 8a, R? = 0.97). This is mostly at-
tributable to a linear relationship between melt rate and interfacial thermal driving, as differences in friction velocity and the
thermal exchange coefficient are small and do not have a systematic relationship with far-field thermal driving. On the other
hand, the derived, time-averaged thermal exchange coefficient representing the efficiency of heat exchange from -2 m depth
to the ice base (I'r 4.r) does have a weakly negative relationship with far-field thermal driving (Figure 8c). This indicates a
decrease in the efficiency of heat exchange with increasing near-interface stratification. The highest thermal driving case shows
an anomalously high thermal exchange coefficient over the last inertial period, which features high TKE shown in Figure 7b.
We discuss these derived thermal exchange coefficients further in Section 4.2.2.

There is also a linear relationship between melt rate and ice-shelf basal slope, with threshold-like behavior at slopes less
than 0.01°. This linear relationship is due primarily to a linear relationship between friction velocity and melt rate while
there is a smaller (~1/3 size) opposite effect from decreasing interfacial thermal driving with increasing slope (not shown).
These differences in friction velocity arise from higher IOBL velocities and turbulence at higher slopes. We observe threshold
behavior in melting in the two lowest-slope cases, which can be attributed to similar friction velocities arising from similar

TIOBL velocities and turbulence (Figure 8d and Figure 3f). This behavior is discussed in more detail in Section 4.2.1. The
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Figure 8. Melt rate sensitivity to (a) far-field thermal driving and (b) sine of the basal slope. (c) Far-field thermal driving is inversely related
to I'7 qer. Dashed line denotes the value recommended by Jenkins et al. (2010). The largest points correspond to the fourth inertial cycle with
progressively smaller points for previous inertial cycles. (d) For variations in slope, the simulated friction velocity (solid points) is linearly
related to I'r qe,. The inferred friction velocity used to compute I'r 4., are shown with open points. Note the difference in y-axis limits from

(c). The 0.01° and 0.1° slope cases are overlapping.

differences in derived thermal exchange coefficient with varying slope are on the order of a 40% change as slope increases

320 from 0.01° to 1° (Figure 8d).
3.5 Vertical structure of turbulent fluxes

Vertical heat fluxes are shown in Figure 4b,e. The vertical heat flux has a maximum at the ice-ocean interface and decreases
throughout the IOBL, with small values below the pycnocline. Since the IOBL is fully turbulent (with the exception of some
intermittency discussed below), the sub-grid diffusivities of momentum, heat and salt closely resemble one another (Figure S6).

325 The vertical salt flux profiles are shown in Figure S7 and have a very similar shape to the vertical heat flux profiles.
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The relatively narrow range of conditions simulated here suggests that a depth-dependent shape function for scalar fluxes

could be formulated. The distance from the interface is scaled by the Ekman depth:

dp = (2K:)'?|f5]7/° (20)
where K. is the mean eddy viscosity in the turbulent boundary layer assuming the total fluxes follow Fick’s law:

wu = K.du/dz (21)

K, profiles are shown in Figure S8.

The linear scaling of melt rate with thermal driving suggests a linear scaling of heat flux profiles with thermal driving. We
find that this scaling largely collapses the four thermal driving profiles, with notable deviation from this shape for the run that
experiences temporal gaps in shear stress during the analysis period (pink curves in Figures 2a, 4c). The shape of these profiles
can be reasonably approximated by a linear decrease in the scaled heat flux with scaled depth over the boundary layer (Figure
4c). Scalar fluxes decline near the boundary for the 1° slope cases, a feature that we discuss further in Section 4.2.3.

Despite melt rates scaling reasonably well with the basal slope (sin«), the vertical heat flux profile does not, showing a
much lower sensitivity to slope ((sin a)l/ 4, Figure 4f). There is strong agreement between the scaled vertical heat flux profiles
at different slopes, though the threshold behavior at low slopes noted in melt rates is replicated here. We also find that the
Ekman depth is a poor predictor of boundary layer depth. This may be due to the depth-variable shear induced by buoyancy
which is not reflected in the depth-mean IOBL eddy viscosity used to compute the Ekman depth. We discuss the scaling of

vertical fluxes and the possibility of their parameterization in Section 4.2.3.

4 Discussion
4.1 Understanding IOBL turbulence and the limitations of an LES approach

In the simulations presented here, turbulence declines throughout the course of the simulation, becoming intermittent. The
relationship between stable stratification, shear, and the persistence of turbulence remains an open question (Zonta and Soldati,
2018). Thus, it is not possible a priori to determine whether the level of turbulence simulated by this LES model is appropriate
for the regime space we have sampled. While we did conduct model validation against a stably stratified atmospheric boundary
layer test case (see Section 2.2), the degree of stratification at the boundary in that case did not approach that simulated in the
sub-ice configuration. Fundamentally, we cannot guarantee that our LES is not overly dissipative such that the TKE generated
by the resolved dynamics is lost too quickly relative to real-world sub-ice settings.

Excess dissipation could arise either through the sub-grid scheme or the model numerics. We found a rapid loss of turbulence
in PALM simulations when a dynamic Smagorinky turbulence closure was used, which is consistent with previous studies on
the limited applicability of the Smagorinsky turbulence closure to strongly stratified flows due to the strong anisotropy of
those flows (Flores and Riley, 2011; Jiménez and Cuxart, 2005). This motivated our adoption of the AMD turbulence closure
scheme (Abkar et al., 2016). However, we found that the buoyancy term added to this scheme by Abkar and Moin (2017) had
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an unrealistically high magnitude in the vicinity of the ice base where gradients are large. We removed this term, as it was
negligible in the simulations of Vreugdenhil and Taylor (2019) (personal communication), but our unrealistic solution for this
term suggests that AMD scheme may not perform optimally at the resolution employed here. Though the resolution of our
simulations is significantly lower than that used by Vreugdenhil and Taylor (2019), it enables us to extend the domain from
their 2 m to 64 m to allow for the development of a thick IOBL.

Strongly stratified turbulence has been associated with intermittent turbulence (Nieuwstadt, 2005; Wiel et al., 2012), though
there are also numerical experiments that fail to produce intermittency even under strongly stable stratification (Arya, 1975;
Komori et al., 1983). This is not the first study to find the emergence of intermittent turbulence in stably stratified, sub-ice
settings (Vreugdenhil and Taylor, 2019). Donda et al. (2015) have argued that, in strongly stratified flows, the cessation of
turbulence is transient provided there are sufficiently large perturbations. This is consistent with our finding that the temporal
variability in shear over inertial oscillations provides sufficient perturbations to reinitiate turbulence. Our simulations approach
a gradient Richardson number (Ri,) of 0.25, which is considered to be the approximate value at which turbulence neither grows
nor decays (Holt et al., 1992; Rohr et al., 1988). Thus, fluctuations in TKE are plausible at the simulated levels of stratification
and shear. However, when turbulence is intermittent, as it is in this study, the application of LES may be inappropriate due to
its inherent horizontal averaging over laminar and turbulent regions (Stoll and Porté-Agel, 2008). Thus, our results should be
interpreted with caution.

In this study, we did not attempt to reproduce observed conditions at a particular ice-shelf location due to the difficulties
of matching unobserved far-field forcings and the exclusion of tides from our simulations. Nonetheless, it appears as though
well-mixed boundary layers are seen for a narrower range of conditions in simulations than in observations. The geostrophic
flow chosen in these simulations is quite strong at 20 cms~! and thermal driving is relatively low such that we expected to
produce a well-mixed boundary layer as is observed in melting regions of the Filchner-Ronne Ice Shelf (Nicholls et al., 2001).
However, observations to date are insufficient to fully characterize the regime space for a well-mixed IOBL (Malyarenko et al.,
2020). The observational picture is quite nuanced with a range of stratification observed even within one ice shelf (Hattermann
et al., 2012).

Shear-driven turbulence within the IOBL plays a central role in determining vertical heat fluxes and thus melt rates. In these
simulations the destruction of TKE by the stabilizing buoyancy flux is two orders of magnitude smaller than shear production
of TKE throughout the IOBL. Our finding that shear production of TKE dominates over the buoyancy term is consistent with
Davis and Nicholls (2019) who found that shear production was an order of magnitude greater than buoyancy destruction of
TKE in the IOBL below Larsen C Ice Shelf.

The flux Richardson number, Riy, the ratio of buoyancy flux to shear-driven TKE production, provides a measure of mixing
efficiency. The simulated Riy values of 0.05 — 0.1 are well below the critical Riy of ~0.25, indicating that we are in the
regime in which mixing efficiency (Riy) decreases with increasing stratification (Rigy) (Miles, 1961; Howard, 1961; Armenio
and Sarkar, 2002; Peltier and Caulfield, 2003). This is consistent with our finding that the derived, 2 m-depth thermal exchange

coefficient decreases for the high thermal driving cases which also achieve stronger IOBL stratification.

17



395

400

405

410

415

420

Our simulations are certainly missing some sources of TKE present in ice-shelf cavities which could modify IOBL structure
and mixing efficiency. These simulations did not include tides, which provide perturbations to the mean velocity that enhance
melt rates and entrainment, especially at Filchner-Ronne (Makinson and Nicholls, 1999; Makinson et al., 2011; Mueller et al.,
2018). While internal gravity waves arise in LES, in our LES model they may be of smaller amplitude and play a lesser role
in mixing than they would in a real ice-shelf settings due to the absence of large-scale external forcings such as tides and
storms, seafloor topography, as well as possible resonance with the cavity geometry (Gwyther et al., 2020; Mueller et al., 2012;
Padman et al., 2018; Robertson, 2013). Enhanced drag at the ice-shelf base could increase shear production of TKE; however

under strong stratification, surface roughness elements may suppress turbulence rather than enhance it (Ohya, 2001).
4.2 Representing the IOBL and projecting ice-shelf melt rates with ocean models
4.2.1 Insights into melt rate sensitivity to ocean conditions

The decline in IOBL turbulence discussed in Section 4.1 results in declining melt rates. Thus, we could not evaluate the
relationship between melting and far-field conditions at steady state, which would have offered the most direct path to assessing
melt rate sensitivity to ocean conditions. As discussed in Jenkins (2016), achieving steady-state solutions in simulations may
require prescribing large-scale gradients in temperature. We have not included these large-scale gradients in our simulations,
but this may be an avenue for future work. However, we believe that our transient solutions do provide some indications of
how melt rates and boundary layer properties depend on ocean temperature and ice-shelf slopes. One justification for this
belief is that the simulated sensitivity of melt rate to ocean temperature remains consistently linear through all inertial periods
simulated (Figure S9). On the other hand, the differently sloped simulations continue to diverge at the end of the simulation
as the IOBL accelerates (Figure 2d-f). Nonetheless we are able to find relationships between the vertical heat flux profiles
and ocean temperature and slope that suggest predictability of the mean effects of turbulence despite the transience of these
simulations.

The linear relationship we find between local, far-field ocean temperature and melt rates is consistent with some previous
studies in ice-shelf settings (Holland et al., 2008; Rignot and Jacobs, 2002; Vreugdenhil and Taylor, 2019). A slightly higher
exponent of 4/3 is also consistent with our data (R? = 0.95); a value reported for the regime in which convective instabilities
control melting while our simulations feature shear instabilities (Kerr and McConnochie, 2015). In contrast, in sea-ice settings
this sensitivity of melt rates to local thermal driving was found to be significantly smaller with an exponent of 0.38 (Ramudu
et al., 2018). The relationship between average ice-shelf melt rates and the thermal driving for the cavity as a whole can be
conceptualized in two components. The first is the relationship between the local thermal driving and melt rate, determined
primarily by the local ocean turbulence. The second is the relationship between distant thermal driving (i.e., the water masses
entering the ice-shelf cavity) and the strength of sub-ice-shelf circulation (Holland et al., 2008). Only the former is addressed
by this study. Our simulations do not capture the large-scale increase in overturning circulation that accompanies an increase
in distant thermal driving. Our simulations partially capture the increase in IOBL velocity due to an increase in thermal driving

but the far-field velocity is unaffected. We note that the often cited quadratic relationship between distant thermal driving and
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melt rate involves both local turbulent processes and large-scale processes (Holland et al., 2008); studies generally find this
exponent on distant thermal driving to be between 1.5 and 2 (Favier et al., 2019; Jourdain et al., 2017; Little et al., 2009).

To some extent, this linear relationship between far-field thermal driving and melt rate is embedded in the parameterization
of heat fluxes employed at the ice base in these simulations. Specifically, the melt rate is prescribed to have a linear dependence
on the local thermal driving, based on the temperature in the first model layer (Equation 10). However, the level of stratification
near the ice base, the buoyant acceleration of the [OBL plume and the transport of heat from depth to the IOBL all mediate the
relationship between far-field thermal driving and melt rates, and yet the dependence of melt rate on far-field thermal driving
from these simulations is still fairly linear.

The relationship between melt rate and ice-shelf basal slope (m o (sin«)™) combines two effects: the effect of ice-shelf slope
on the [OBL’s mean velocity profile and the effect of ice-shelf slope on IOBL turbulence. In the three-equation parameterization
of ice-shelf melting, the former has the strongest effect on the friction velocity as derived from the mean flow velocity at a
given depth; whereas the latter is represented by the scalar exchange coefficients, with higher values indicating more efficient
turbulent transport. We return to the implications of our study for exchange coefficients in Section 4.2.2. As noted previously
in this section, while our simulations capture some of this [OBL acceleration, they do not reach a steady-state mean velocity
profile. Thus, we cannot fully assess the the effect of ice-shelf slope on the IOBL’s mean velocity profile. This effect is addressed
by Magorrian and Wells (2016), whose scaling analysis predicted n = 3/2, and Little et al. (2009), who found n = 0.94 for
the range of slopes considered here. Our finding that n = 1 may be applicable to the shear-dominated regime, in contrast to
the sensitivity of n =2/3 found in the convection-dominated regime at higher slopes than those simulated here (5° — 90°;
McConnochie and Kerr, 2018; Mondal et al., 2019). However, we emphasize that further investigation is needed beyond the
small number of simulations presented here to validate our results.

The threshold-like behavior in melt rates at very low slopes is not predicted by geostrophic balance between Coriolis and
buoyancy forcing, which dictates a linear relationship between sin o and IOBL velocity (Jenkins, 2016), nor the scaling analysis
of Magorrian and Wells (2016). This threshold behavior could be produced if any additional buoyant acceleration produced
by the small increase in slope from 0.01° to 0.1° increases both shear and dissipation, resulting in a negative feedback on
IOBL turbulence. This is not evident in our simulations, which do not show significant differences in TKE budgets between
the two runs (Figure 5). From a dynamical perspective, this may be an interesting target for more highly resolved LES in the
near-boundary region. However, this threshold is located at low enough slopes that it is likely not of significance to melt rate

parameterization for coarse-resolution ocean models, so we do not devote further attention to it here.
4.2.2 Toward non-constant exchange coefficients in melt parameterization

The thermal exchange coefficient as computed using Equation 11 at 0.125 m below the ice-ocean interface (the uppermost grid
cell) differs from that which would be implemented by coarse-resolution models or derived from oceanographic observations,
both of which only know ocean properties meters to tens of m below the ice-ocean interface. To demonstrate the implications of

this study for modeling endeavors, we computed the thermal exchange coefficient that yields the simulated melt rate using ocean
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properties (temperature and velocity) 2 m below the ice-ocean interface. This depth was chosen to capture the faster portions of
IOBL flow, representing a best-case scenario for high resolution ocean models, though this depth choice is somewhat arbitrary.

These derived thermal exchange coefficients are shown in Figure 8c,d. The derived thermal exchange coefficients are all
less than the value of 0.011 derived from observations (Jenkins et al., 2010). There are two main factors that contribute to
this result. The first is the choice of the parameterization of fluxes at the ice-ocean interface (i.e., over sub-meter scales). We
chose a stability-dependent parameterization in which the buoyancy forcing from melting enters through the Monin-Obukhov
length (Equation 9). We believe there is a stronger case for the flux parameterization we implement than for a constant thermal
exchange coefficient in light of the success of Monin-Obukhov Similarity Theory (Monin and Obukhov, 1954; McPhee, 2008),
and the depth-dependence of scalar fluxes in a more highly resolved sub-ice LES (Vreugdenhil and Taylor, 2019). Conse-
quently, Vreugdenhil and Taylor (2019) also found that thermal exchange coefficients were less than the Jenkins et al. (2010)
value for all but the lowest thermal driving case. However, we acknowledge that more validation of the sub-grid boundary
flux parameterizations is needed. The second contributing factor is declining simulated TKE, which reduces thermal exchange
coefficients over the course of these simulations (Figure 8c).

Our results also suggest a modest decline in the thermal exchange coefficient at higher thermal driving. This may lead to
a sub-linear relationship between thermal driving and melt rate at higher thermal driving values, though this not evident in
our simulations. The decline in exchange coefficient with thermal driving agrees with Vreugdenhil and Taylor (2019), though
their sensitivity is greater than that seen in this study (their Figure 8). As shown in Figure 8c, this relationship holds during all
inertial periods, with an exception during an interval of strong turbulence (see Section 3). Due to the limitations of our LES
modeling discussed in Section 4.1, we cannot recommend a best fit relationship between thermal exchange coefficient and
thermal driving. Given the climatic importance of accurately simulating high thermal driving regimes associated with dynamic
ice-shelf thinning, LES coupled with observational validation across thermal driving regimes may be a fruitful avenue for
future work.

We find a linear relationship between the derived thermal exchange coefficient and the slope of the ice-shelf base, indicating
that mixing is more efficient at higher slopes. This relationship also holds for the derived friction velocity from a quadratic
drag law (Figure 8d). Note that these quadratic-drag friction velocities are greater than the model’s parameterization of friction
velocity as the former neglects stratification effects while the latter includes them. This enhanced turbulent efficiency is due
to enhanced shear instabilities, and is reflected in turbulent diffusivities parameterized by the AMD scheme. Much greater
variability in sub-grid turbulent diffusivities is seen over the variation in slope than the variation in thermal driving tested here
(Figure S6).

The changes in the thermal exchange coefficient with slope were relatively small, from 0.0045 to 0.007 between 0.1° and
1° cases. For a coarse-resolution simulation, we anticipate that the failure to capture this slope sensitivity will not be a leading
source of error in melt projections. Reproducing an accurate friction velocity is likely of a greater concern. Thus, the burden
of melt projection accuracy may fall more heavily on parameterizing or resolving buoyant flow than on improving the slope

dependence in the parameterization of scalar fluxes (i.e., improving Equation 10).
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These simulations do not reveal whether a similar, linear relationship between friction velocity and thermal exchange co-

efficient holds when the background flow is varied rather than the slope. LES of sea ice melting, for which there is no slope,
0.5

suggests a sublinear relationship between thermal exchange coefficient and friction velocity (I'r oc u%-%, w6’ o< ul-%; Ramudu

et al., 2018). More studies are required to determine this scaling.
4.2.3 Toward a vertical mixing scheme for the IOBL

There is reason to believe that improving ice-shelf basal melt projections using ocean models will require not only an accurate
melt parameterization but also an improved vertical mixing scheme. Jenkins (2021) demonstrated significantly different IOBL
characteristics when KPP is the turbulence closure scheme in contrast to a low- or high-order scheme. The eddy viscosity
simulated by our LES model shows better agreement with the viscosity solutions from Jenkins (2021) employing the low- and
high-order turbulence closure schemes than that employing KPP (compare our Figure S6 with his Figure 3). Thus, this study
offers additional support for the use of a more sophisticated turbulence closure scheme or a modified KPP scheme in sub-ice
settings, such as one based on the depth-dependence of vertical turbulent fluxes presented here (Figure 4).

A complication in melt parameterization of slope effects is the differential ability of ocean models and their vertical grid
configurations to capture IOBL flow. We find that this buoyant flow is concentrated in the uppermost 10 m, with peak velocities
as close as 3m from the interface. This flow is unlikely to be resolved by most ocean models, which have typical vertical
resolutions near the interface of 10s m though some model configurations are reaching ~1 m resolutions (Gwyther et al., 2020).
If the buoyancy-driven boundary current is unresolved in most coarse-resolution ocean models, then the friction velocity as
computed from a quadratic drag law and the velocity at the first grid cell is likely to underestimate the true friction velocity. For
instance, a simulation that lacks this buoyancy-induced current may look more like our negligible (0.01°) slope simulations
than those with a slope, and consequently underestimate melt rates. Thus, more accurate melt rate projections may result from
employing a depth-dependent parameterization of vertical scalar and momentum fluxes to provide some sensitivity of melt
rates to model resolution.

Our simulated depth-dependence for vertical scalar fluxes agrees with the shape of the turbulent scalar flux parameterization
of McPhee et al. (1987), which features a linear decrease in fluxes with distance from the boundary within the IOBL. The
low thermal-driving simulations with slopes of 1° diverge from this linear behavior within a few m from the boundary. We
attribute this to boundary effects that reduce TKE and eddy viscosity close to the boundary, reminiscent of the constant flux
layer predicted by Monin-Obukhov Similarity Theory (Monin and Obukhov, 1954). It is unclear whether a constant flux layer
is absent under some conditions or whether our simulations do not resolve it for those highly-stratified cases. Since these
differences in eddy viscosity are incorporated into the Ekman depth scaling, the scaled heat flux profiles all show quasi-linear
slopes (Figure 4c,f). This linear depth-scaling for IOBL fluxes should be explored under a broader range of conditions and at
higher resolution to determine whether it is broadly applicable and whether vertical mixing parameterizations need to improve
their representation of the constant flux layer in the IOBL.

A few complexities are immediately apparent in pursuing a depth-dependent shape function for vertical scalar flux param-

eterization. One is that a functional form for the eddy diffusivity is also needed to compute the Ekman depth. Another is that
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any implementation of these depth-dependent scalar fluxes necessitates an inequality between the vertical heat and salt fluxes
from the top model grid cell and the heat and salt fluxes associated with melting. Thus, the closure of those budgets will likely
involve horizontal scalar fluxes as well.

A depth-dependent function for momentum is also necessary in ice-shelf settings given that strong stratification causes mo-
mentum fluxes to significantly deviate from the quadratic drag function typically employed in ocean models. Near-interface
stratification significantly decreases drag (Garcia-Villalba and del Alamo, 2011; McPhee et al., 2008). Tuning the drag coeffi-
cient to fit present-day melt rates neglects the functional dependence of drag on melt rate through stratification (as represented
by the Monin-Obukhov length). The presence of an ice-shelf slope in ocean models that do not fully resolve a buoyant plume
further complicates the parameterization of momentum fluxes at the ice-ocean interface. A depth-dependent shape function
for momentum fluxes which may prescribe negative (downward) momentum fluxes at the top grid cell below ice shelves for
typical ocean model resolutions (see Figure 4a,d at, e.g., 5 m depth). In other words, when the buoyant plume is unresolved, the
momentum boundary condition may need to accelerate the flow at the boundary (at least in the up-slope direction) to produce

more accurate shear-driven mixing in the resolved portion of the domain.

5 Conclusions

In this study we presented a small parameter study of IOBL turbulence as captured by an LES model and chiefly explored
the sensitivity of ice-shelf melting to ocean temperature and ice-shelf basal slope. To our knowledge, this is the first study
to explore turbulent effects of low slopes on ice melting at scales spanning 10sm from the ice base, allowing for IOBL
development. These vertical scales allow us to examine the depth-dependence of vertical turbulent fluxes, a key component
for the development and validation of vertical mixing parameterizations in ice-shelf settings. Building on Jenkins (2021), our
results suggest an improvement on the standard KPP vertical mixing scheme is needed, but a larger simulation campaign and
field validation effort would be required to place such a scheme on strong footing.

The thermal exchange coefficient is a key parameter that determines the sensitivity of ice-shelf melting to changing ocean
conditions in ocean models. While a constant value is not theoretically supported, it remains the standard choice due to a lack of
consensus regarding the appropriate scaling. We concur with a previous study that the thermal exchange coefficient is dependent
on thermal driving such that melt rates are less sensitive to changes in ocean temperature (Vreugdenhil and Taylor, 2019). We
also suggest that the thermal exchange coefficient should be enhanced at higher slopes to account for shear instabilities that are
unresolved by coarse-resolution ocean models, with the caveat that our simulations did not reach steady-state.

Ultimately, we acknowledge that there is currently no universal guidance for parameterizing sub-grid scalar and momentum
fluxes near the ice base for ocean models, each of which capture IOBL flow differently depending on resolution, vertical
coordinate, numerical representations of the pressure gradient, and likely other aspects of the implementation (Gwyther et al.,
2020). Thus, progress toward accurate ice-shelf melt projections will require not only theoretical advances in understanding

melt rate sensitivity but also advances in numerical modeling to bring resolution- (scale-) awareness to melt parameterization.

22



560

565

Code availability. The modified version of PALM used for this study is LANL Contributions to PALM, v1.0.0, available at https://github.
com/lanl/palm_lanl.

Author contributions. All authors conceived and designed the study. Begeman conducted and analyzed the simulations with input from

Asay-Davis and Van Roekel. Begeman wrote the manuscript with input from Asay-Davis and Van Roekel.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. This research was supported by the Los Alamos National Laboratory (LANL) through its Center for Space and Earth
Science (CSES). CSES is funded by LANL’s Laboratory Directed Research and Development (LDRD) program under project number
20210528CR. This research was also supported by the LDRD program of LANL under project numbers 20210289ER and 20180549ECR.
Support for simulation data analysis pertaining to ice-shelf melt parameterization and manuscript preparation was provided through the
Scientific Discovery through Advanced Computing (SciDAC) program funded by the US Department of Energy (DOE), Office of Science,
Advanced Scientific Computing Research and Biological and Environmental Research Programs. Computing resources were provided by
the LANL Institutional Computing Program, which is supported by the U.S. DOE National Nuclear Security Administration under Contract
No. 89233218CNA000001.

23


https://github.com/lanl/palm_lanl.
https://github.com/lanl/palm_lanl.
https://github.com/lanl/palm_lanl.

570

575

580

585

590

595

600

605

References

Abkar, M. and Moin, P.: Large-Eddy Simulation of Thermally Stratified Atmospheric Boundary-Layer Flow Using a Minimum Dissipation
Model, Boundary-Layer Meteorology, 165, 405-419, https://doi.org/10.1007/s10546-017-0288-4, 2017.

Abkar, M., Bae, H. J., and Moin, P.: Minimum-dissipation scalar transport model for large-eddy simulation of turbulent flows, Physical
Review Fluids, 1, 041 701, https://doi.org/10.1103/PhysRevFluids.1.041701, 2016.

Armenio, V. and Sarkar, S.: An investigation of stably stratified turbulent channel flow using large-eddy simulation, Journal of Fluid Me-
chanics, 459, 1-42, https://doi.org/10.1017/S0022112002007851, 2002.

Arya, S. P. S.: Buoyancy effects in a horizontal flat-plate boundary layer, Journal of Fluid Mechanics, 68, 321-343,
https://doi.org/10.1017/S0022112075000833, publisher: Cambridge University Press, 1975.

Asay-Davis, X. S., Cornford, S. L., Durand, G., Galton-Fenzi, B. K., Gladstone, R. M., Gudmundsson, G. H., Hattermann, T., Holland, D. M.,
Holland, D., Holland, P. R., Martin, D. F., Mathiot, P., Pattyn, F., and Seroussi, H.: Experimental design for three interrelated marine ice
sheet and ocean model intercomparison projects: MISMIP v. 3 (MISMIP +), ISOMIP v. 2 (ISOMIP +) and MISOMIP v. 1 (MISOMIP1),
Geosci. Model Dev., 9, 2471-2497, https://doi.org/10.5194/gmd-9-2471-2016, 00003, 2016.

Carpenter, J. R., Balmforth, N. J., and Lawrence, G. A.: Identifying unstable modes in stratified shear layers, Physics of Fluids, 22, 054 104,
https://doi.org/10.1063/1.3379845, publisher: American Institute of Physics, 2010.

Cheng, C., Jenkins, A., Wang, Z., and Liu, C.: Modeling the vertical structure of the ice shelf—ocean boundary current under supercooled
condition with suspended frazil ice processes: A case study underneath the Amery Ice Shelf, East Antarctica, Ocean Modelling, 156,
101 712, https://doi.org/10.1016/j.ocemod.2020.101712, 2020.

Davis, P. E. D. and Nicholls, K. W.: Turbulence Observations beneath Larsen C Ice Shelf, Antarctica, Journal of Geophysical Research:
Oceans, 0, https://doi.org/10.1029/2019JC015164, 2019.

del Alamo, J. C. and Jiménez, J.: Spectra of the very large anisotropic scales in turbulent channels, Physics of Fluids, 15, L41-L44,
https://doi.org/10.1063/1.1570830, publisher: American Institute of Physics, 2003.

Dinniman, M., Asay-Davis, X., Galton-Fenzi, B., Holland, P., Jenkins, A., and Timmermann, R.: Modeling Ice Shelf/Ocean Interaction in
Antarctica: A Review, Oceanography, 29, 144—153, https://doi.org/10.5670/oceanog.2016.106, 2016.

Donda, J. M. M., Hooijdonk, I. G. S. v., Moene, A. E, Jonker, H. J. J., Heijst, G. J. F. v, Clercx, H. J. H., and Wiel, B. J. H. v. d.: Collapse
of turbulence in stably stratified channel flow: a transient phenomenon, Quarterly Journal of the Royal Meteorological Society, 141,
2137-2147, https://doi.org/https://doi.org/10.1002/qj.2511, _eprint: https://rmets.onlinelibrary.wiley.com/doi/pdf/10.1002/qj.2511, 2015.

Edwards, T. L., Nowicki, S., Marzeion, B., Hock, R., Goelzer, H., Seroussi, H., Jourdain, N. C., Slater, D. A., Turner, F. E., Smith, C. J.,
McKenna, C. M., Simon, E., Abe-Ouchi, A., Gregory, J. M., Larour, E., Lipscomb, W. H., Payne, A. J., Shepherd, A., Agosta, C.,
Alexander, P., Albrecht, T., Anderson, B., Asay-Davis, X., Aschwanden, A., Barthel, A., Bliss, A., Calov, R., Chambers, C., Champollion,
N., Choi, Y., Cullather, R., Cuzzone, J., Dumas, C., Felikson, D., Fettweis, X., Fujita, K., Galton-Fenzi, B. K., Gladstone, R., Golledge,
N. R., Greve, R., Hattermann, T., Hoffman, M. J., Humbert, A., Huss, M., Huybrechts, P., Immerzeel, W., Kleiner, T., Kraaijenbrink, P.,
Le Clec’h, S., Lee, V., Leguy, G. R, Little, C. M., Lowry, D. P,, Malles, J.-H., Martin, D. F., Maussion, F., Morlighem, M., O’Neill, J. F.,
Nias, L., Pattyn, F., Pelle, T., Price, S. F., Quiquet, A., Radi¢, V., Reese, R., Rounce, D. R., Riickamp, M., Sakai, A., Shafer, C., Schlegel,
N.-J., Shannon, S., Smith, R. S., Straneo, F., Sun, S., Tarasov, L., Trusel, L. D., Van Breedam, J., van de Wal, R., van den Broeke, M.,
Winkelmann, R., Zekollari, H., Zhao, C., Zhang, T., and Zwinger, T.: Projected land ice contributions to twenty-first-century sea level rise,

Nature, 593, 74-82, https://doi.org/10.1038/s41586-021-03302-y, number: 7857 Publisher: Nature Publishing Group, 2021.

24


https://doi.org/10.1007/s10546-017-0288-4
https://doi.org/10.1103/PhysRevFluids.1.041701
https://doi.org/10.1017/S0022112002007851
https://doi.org/10.1017/S0022112075000833
https://doi.org/10.5194/gmd-9-2471-2016
https://doi.org/10.1063/1.3379845
https://doi.org/10.1016/j.ocemod.2020.101712
https://doi.org/10.1029/2019JC015164
https://doi.org/10.1063/1.1570830
https://doi.org/10.5670/oceanog.2016.106
https://doi.org/https://doi.org/10.1002/qj.2511
https://doi.org/10.1038/s41586-021-03302-y

610

615

620

625

630

635

640

Favier, L., Jourdain, N. C., Jenkins, A., Merino, N., Durand, G., Gagliardini, O., Gillet-Chaulet, F., and Mathiot, P.: Assessment of sub-shelf
melting parameterisations using the ocean—ice-sheet coupled model NEMO(v3.6)-Elmer/Ice(v8.3), Geoscientific Model Development,
12, 2255-2283, https://doi.org/https://doi.org/10.5194/gmd-12-2255-2019, 2019.

Flores, O. and Riley, J. J.: Analysis of Turbulence Collapse in the Stably Stratified Surface Layer Using Direct Numerical Simulation,
Boundary-Layer Meteorology, 139, 241-259, https://doi.org/10.1007/s10546-011-9588-2, 2011.

Franks, P. J. S.: Has Sverdrup’s critical depth hypothesis been tested? Mixed layers vs. turbulent layers, ICES Journal of Marine Science, 72,
1897-1907, https://doi.org/10.1093/icesjms/fsul75, 2015.

Galton-Fenzi, B. K., Hunter, J. R., Coleman, R., Marsland, S. J., and Warner, R. C.: Modeling the basal melting and marine ice accretion of
the Amery Ice Shelf, Journal of Geophysical Research: Oceans, 117, https://doi.org/10.1029/2012JC008214, 2012.

Garcfa-Villalba, M. and del Alamo, J. C.: Turbulence modification by stable stratification in channel flow, Physics of Fluids, 23, 045 104,
https://doi.org/10.1063/1.3560359, publisher: American Institute of Physics, 2011.

Gwyther, D. E., Spain, E. A., King, P., Guihen, D., Williams, G. D., Evans, E., Cook, S., Richter, O., Galton-Fenzi, B. K,
and Coleman, R.: Cold Ocean Cavity and Weak Basal Melting of the Sgrsdal Ice Shelf Revealed by Surveys Using Au-
tonomous Platforms, Journal of Geophysical Research: Oceans, 125, https://doi.org/https://doi.org/10.1029/2019JC015882, _eprint:
https://agupubs.onlinelibrary.wiley.com/doi/pdf/10.1029/2019JC015882, 2020.

Hattermann, T., Ngst, O. A., Lilly, J. M., and Smedsrud, L. H.: Two years of oceanic observations below the Fimbul Ice Shelf, Antarctica,
Geophysical Research Letters, 39, L12 605, https://doi.org/10.1029/2012GL051012, bibtex: hattermann_two_2012, 2012.

Holland, D. M. and Jenkins, A.: Modeling Thermodynamic Ice-Ocean Interactions at the Base of an Ice Shelf, Journal of Physical Oceanog-
raphy, 29, 1787-1800, https://doi.org/10.1175/1520-0485(1999)029<1787:MTIOIA>2.0.CO;2, bibtex: holland_modeling_1999, 1999.
Holland, P. R. and Feltham, D. L.: The Effects of Rotation and Ice Shelf Topography on Frazil-Laden Ice Shelf Water Plumes, Journal of

Physical Oceanography, 36, 2312-2327, https://doi.org/10.1175/JP02970.1, 00037, 2006.

Holland, P. R., Jenkins, A., and Holland, D. M.: The Response of Ice Shelf Basal Melting to Variations in Ocean Temperature, Journal of
Climate, 21, 2558-2572, https://doi.org/10.1175/2007JCLI1909.1, 00133, 2008.

Holt, S. E., Koseft, J. R., and Ferziger, J. H.: A numerical study of the evolution and structure of homogeneous stably stratified sheared
turbulence, https://doi.org/10.1017/S0022112092003513, 1992.

Howard, L. N.: Note on a paper of John W. Miles, Journal of Fluid Mechanics, 10, 509-512, https://doi.org/10.1017/S0022112061000317,
publisher: Cambridge University Press, 1961.

Hoyas, S. and Jiménez, J.: Scaling of the velocity fluctuations in turbulent channels up to Rer=2003, Physics of Fluids, 18, 011702,
https://doi.org/10.1063/1.2162185, publisher: American Institute of Physics, 2006.

IPCC: Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergov-
ernmental Panel on Climate Change., IPCC, Geneva, Switzerland, 00000, 2014.

Jackett, D. R., McDougall, T. J., Feistel, R., Wright, D. G., and Griffies, S. M.: Algorithms for Density, Potential Temperature, Con-
servative Temperature, and the Freezing Temperature of Seawater, Journal of Atmospheric and Oceanic Technology, 23, 1709-1728,
https://doi.org/10.1175/ITECH1946.1, 2006.

Jenkins, A.: A Simple Model of the Ice Shelf-Ocean Boundary Layer and Current, Journal of Physical Oceanography, 46, 1785-1803,
https://doi.org/10.1175/JPO-D-15-0194.1, 2016.

Jenkins, A.: Shear, Stability and Mixing within the Ice-Shelf-Ocean Boundary Current, Journal of Physical Oceanography,
https://doi.org/10.1175/JPO-D-20-0096.1, publisher: American Meteorological Society Section: Journal of Physical Oceanography, 2021.

25


https://doi.org/https://doi.org/10.5194/gmd-12-2255-2019
https://doi.org/10.1007/s10546-011-9588-2
https://doi.org/10.1093/icesjms/fsu175
https://doi.org/10.1029/2012JC008214
https://doi.org/10.1063/1.3560359
https://doi.org/https://doi.org/10.1029/2019JC015882
https://doi.org/10.1029/2012GL051012
https://doi.org/10.1175/1520-0485(1999)029%3C1787:MTIOIA%3E2.0.CO;2
https://doi.org/10.1175/JPO2970.1
https://doi.org/10.1175/2007JCLI1909.1
https://doi.org/10.1017/S0022112092003513
https://doi.org/10.1017/S0022112061000317
https://doi.org/10.1063/1.2162185
https://doi.org/10.1175/JTECH1946.1
https://doi.org/10.1175/JPO-D-15-0194.1
https://doi.org/10.1175/JPO-D-20-0096.1

645

650

655

660

665

670

675

680

Jenkins, A., Hellmer, H. H., and Holland, D. M.: The Role of Meltwater Advection in the Formulation of Conservative
Boundary Conditions at an Ice—Ocean Interface, Journal of Physical Oceanography, 31, 285-296, https://doi.org/10.1175/1520-
0485(2001)031<0285:TROMAI>2.0.CO;2, 2001.

Jenkins, A., Nicholls, K. W., and Corr, H. F. J.: Observation and Parameterization of Ablation at the Base of Ronne Ice Shelf, Antarctica,
Journal of Physical Oceanography, 40, 2298-2312, https://doi.org/10.1175/2010JPO4317.1, bibtex: jenkins_observation_2010, 2010.

Jiménez, M. A. and Cuxart, J.: Large-Eddy Simulations of the Stable Boundary Layer Using the Standard Kolmogorov Theory: Range of
Applicability, Boundary-Layer Meteorology, 115, 241-261, https://doi.org/10.1007/s10546-004-3470-4, 2005.

Jordan, J. R., Kimura, S., Holland, P. R., Jenkins, A., and Piggott, M. D.: On the Conditional Frazil Ice Instability in Seawater, Journal of
Physical Oceanography, 45, 1121-1138, https://doi.org/10.1175/JPO-D-14-0159.1, publisher: American Meteorological Society Section:
Journal of Physical Oceanography, 2015.

Jourdain, N. C., Mathiot, P., Merino, N., Durand, G., Le Sommer, J., Spence, P., Dutrieux, P., and Madec, G.: Ocean circulation and
sea-ice thinning induced by melting ice shelves in the Amundsen Sea, Journal of Geophysical Research: Oceans, 122, 2550-2573,
https://doi.org/10.1002/2016JC012509, 2017.

Kerr, R. C. and McConnochie, C. D.: Dissolution of a vertical solid surface by turbulent compositional convection, Journal of Fluid Mechan-
ics, 765, 211-228, https://doi.org/10.1017/jfm.2014.722, 2015.

Klemp, J. B. and Lilly, D. K.: Numerical Simulation of Hydrostatic Mountain Waves, Journal of the Atmospheric Sciences, 35, 78-107,
https://doi.org/10.1175/1520-0469(1978)035<0078:NSOHMW>2.0.CO;2, publisher: American Meteorological Society Section: Journal
of the Atmospheric Sciences, 1978.

Komori, S., Ueda, H., Ogino, F., and Mizushina, T.: Turbulence structure in stably stratified open-channel flow, Journal of Fluid Mechanics,
130, 13-26, https://doi.org/10.1017/S0022112083000944, publisher: Cambridge University Press, 1983.

Little, C. M., Gnanadesikan, A., and Oppenheimer, M.: How ice shelf morphology controls basal melting, Journal of Geophysical Research:
Oceans, 114, C12 007, https://doi.org/10.1029/2008JC005197, 00031, 2009.

MacAyeal, D. R.: Numerical simulations of the Ross Sea tides, Journal of Geophysical Research: Oceans, 89, 607-615,
https://doi.org/10.1029/1C089iC01p00607, 00160, 1984.

Magorrian, S. J. and Wells, A. J.: Turbulent plumes from a glacier terminus melting in a stratified ocean, Journal of Geophysical Research:
Oceans, pp. n/a—n/a, https://doi.org/10.1002/2015JC011160, 00000, 2016.

Makinson, K. and Nicholls, K. W.: Modeling tidal currents beneath Filchner-Ronne Ice Shelf and on the adjacent continental shelf: Their
effect on mixing and transport, Journal of Geophysical Research: Oceans, 104, 13 449-13 465, https://doi.org/10.1029/1999JC900008,
1999.

Makinson, K., Holland, P. R., Jenkins, A., Nicholls, K. W., and Holland, D. M.: Influence of tides on melting and freezing beneath Filchner-
Ronne Ice Shelf, Antarctica, Geophysical Research Letters, 38, https://doi.org/10.1029/2010GL046462, 2011.

Malyarenko, A., Wells, A. J., Langhorne, P. J., Robinson, N. J., Williams, M. J. M., and Nicholls, K. W.: A synthe-
sis of thermodynamic ablation at ice-ocean interfaces from theory, observations and models, Ocean Modelling, p. 101692,
https://doi.org/10.1016/j.ocemod.2020.101692, 2020.

Maronga, B., Gryschka, M., Heinze, R., Hoffmann, F., Kanani-Siihring, F., Keck, M., Ketelsen, K., Letzel, M. O., Siithring, M., and Raasch,
S.: The Parallelized Large-Eddy Simulation Model (PALM) version 4.0 for atmospheric and oceanic flows: model formulation, recent

developments, and future perspectives, Geoscientific Model Development, 8, 2515-2551, https://doi.org/10.5194/gmd-8-2515-2015, 2015.

26


https://doi.org/10.1175/1520-0485(2001)031%3C0285:TROMAI%3E2.0.CO;2
https://doi.org/10.1175/1520-0485(2001)031%3C0285:TROMAI%3E2.0.CO;2
https://doi.org/10.1175/1520-0485(2001)031%3C0285:TROMAI%3E2.0.CO;2
https://doi.org/10.1175/2010JPO4317.1
https://doi.org/10.1007/s10546-004-3470-4
https://doi.org/10.1175/JPO-D-14-0159.1
https://doi.org/10.1002/2016JC012509
https://doi.org/10.1017/jfm.2014.722
https://doi.org/10.1175/1520-0469(1978)035%3C0078:NSOHMW%3E2.0.CO;2
https://doi.org/10.1017/S0022112083000944
https://doi.org/10.1029/2008JC005197
https://doi.org/10.1029/JC089iC01p00607
https://doi.org/10.1002/2015JC011160
https://doi.org/10.1029/1999JC900008
https://doi.org/10.1029/2010GL046462
https://doi.org/10.1016/j.ocemod.2020.101692
https://doi.org/10.5194/gmd-8-2515-2015

685

690

695

700

705

710

715

McConnochie, C. D. and Kerr, R. C.: Dissolution of a sloping solid surface by turbulent compositional convection, Journal of Fluid Mechan-
ics, 846, 563-577, https://doi.org/10.1017/jfm.2018.282, 2018.

McPhee, M. G.: An analytic similarity theory for the planetary boundary layer stabilized by surface buoyancy, Boundary-Layer Meteorology,
21, 325-339, https://doi.org/10.1007/BF00119277, 1981.

McPhee, M. G.: Air-ice-ocean interaction: turbulent ocean boundary layer exchange processes, Springer, Dordrecht, bibtex: mcphee_air-ice-
ocean_2008, 2008.

McPhee, M. G., Maykut, G. A., and Morison, J. H.: Dynamics and Thermodynamics of the Ice/Upper Ocean System in the Marginal Ice
Zone of the Greenland Sea, Journal of Geophysical Research, 92, 7017-7031, https://doi.org/10.1029/JC092iC07p07017, 1987.

McPhee, M. G., Morison, J. H., and Nilsen, F.: Revisiting heat and salt exchange at the ice-ocean interface: Ocean flux and modeling
considerations, Journal of Geophysical Research, 113, 1-10, https://doi.org/10.1029/2007JC004383, 2008.

Middleton, L., Vreugdenhil, C. A., Holland, P. R., and Taylor, J. R.: Numerical Simulations of Melt-Driven Double-Diffusive Fluxes in
a Turbulent Boundary Layer beneath an Ice Shelf, Journal of Physical Oceanography, 51, 403—418, https://doi.org/10.1175/JPO-D-20-
0114.1, publisher: American Meteorological Society Section: Journal of Physical Oceanography, 2021.

Miles, J. W. On the stability of heterogeneous shear flows, Journal of Fluid Mechanics, 10, 496-508,
https://doi.org/10.1017/S0022112061000305, 1961.

Mondal, M., Gayen, B., Griffiths, R. W., and Kerr, R. C.: Ablation of sloping ice faces into polar seawater, Journal of Fluid Mechanics, 863,
545-571, https://doi.org/10.1017/jfm.2018.970, 2019.

Monin, A. S. and Obukhov, A. M. F.: Basic laws of turbulent mixing in the surface layer of the atmosphere, Contrib. Geophys. Inst. Acad.
Sci. USSR, 151, 187, 1954.

Mueller, R. D., Padman, L., Dinniman, M. S., Erofeeva, S. Y., Fricker, H. A., and King, M. A.: Impact of tide-topography interactions on
basal melting of Larsen C Ice Shelf, Antarctica, Journal of Geophysical Research: Oceans, 117, https://doi.org/10.1029/2011JC007263,
2012.

Mueller, R. D., Hattermann, T., Howard, S. L., and Padman, L.: Tidal influences on a future evolution of the Filchner-Ronne Ice Shelf cavity
in the Weddell Sea, Antarctica, The Cryosphere, 12, 453-476, https://doi.org/10.5194/tc-12-453-2018, 2018.

Naughten, K. A., Meissner, K. J., Galton-Fenzi, B. K., England, M. H., Timmermann, R., and Hellmer, H. H.: Future Projections of Antarctic
Ice Shelf Melting Based on CMIP5 Scenarios, Journal of Climate, 31, 5243-5261, https://doi.org/10.1175/JCLI-D-17-0854.1, 2018.

Nicholls, K. W., @sterhus, S., Makinson, K., and Johnson, M. R.: Oceanographic conditions south of Berkner Island, beneath Filchner-Ronne
Ice Shelf, Antarctica, Journal of Geophysical Research: Oceans, 106, 11 481-11 492, https://doi.org/10.1029/2000JC000350, 00052, 2001.

Nicholls, K. W., Abrahamsen, E. P., Buck, J. J. H., Dodd, P. A., Goldblatt, C., Griffiths, G., Heywood, K. J., Hughes, N. E., Kaletzky, A.,
Lane-Serff, G. F., McPhail, S. D., Millard, N. W., Oliver, K. I. C., Perrett, J., Price, M. R., Pudsey, C. J., Saw, K., Stansfield, K., Stott,
M. J., Wadhams, P., Webb, A. T., and Wilkinson, J. P.: Measurements beneath an Antarctic ice shelf using an autonomous underwater
vehicle, Geophysical Research Letters, 33, L0O8 612, https://doi.org/10.1029/2006GL025998, 00073, 2006.

Nieuwstadt, F. T. M.: Direct Numerical Simulation of Stable Channel Flow at Large Stability, Boundary-Layer Meteorology, 116, 277-299,
https://doi.org/10.1007/s10546-004-2818-0, 2005.

Ohya, Y.: Wind-Tunnel Study Of Atmospheric Stable Boundary Layers Over A Rough Surface, Boundary-Layer Meteorology, 98, 57-82,
https://doi.org/10.1023/A:1018767829067, 2001.

Padman, L., Siegfried, M. R., and Fricker, H. A.: Ocean Tide Influences on the Antarctic and Greenland Ice Sheets, Reviews of Geophysics,
https://doi.org/10.1002/2016RG000546, 2018.

27


https://doi.org/10.1017/jfm.2018.282
https://doi.org/10.1007/BF00119277
https://doi.org/10.1029/JC092iC07p07017
https://doi.org/10.1029/2007JC004383
https://doi.org/10.1175/JPO-D-20-0114.1
https://doi.org/10.1175/JPO-D-20-0114.1
https://doi.org/10.1175/JPO-D-20-0114.1
https://doi.org/10.1017/S0022112061000305
https://doi.org/10.1017/jfm.2018.970
https://doi.org/10.1029/2011JC007263
https://doi.org/10.5194/tc-12-453-2018
https://doi.org/10.1175/JCLI-D-17-0854.1
https://doi.org/10.1029/2000JC000350
https://doi.org/10.1029/2006GL025998
https://doi.org/10.1007/s10546-004-2818-0
https://doi.org/10.1023/A:1018767829067
https://doi.org/10.1002/2016RG000546

720

725

730

735

740

745

750

755

Peltier, W. R. and Caulfield, C. P.: Mixing Efficiency in Stratified Shear Flows, Annual Review of Fluid Mechanics, 35, 135-167,
https://doi.org/10.1146/annurev.fluid.35.101101.161144, 2003.

Piacsek, S. A. and Williams, G. P.: Conservation properties of convection difference schemes, Journal of Computational Physics, 6, 392-405,
https://doi.org/10.1016/0021-9991(70)90038-0, 1970.

Purkey, S. G., Johnson, G. C., Talley, L. D., Sloyan, B. M., Wijffels, S. E., Smethie, W., Mecking, S., and Katsumata, K.:
Unabated Bottom Water Warming and Freshening in the South Pacific Ocean, Journal of Geophysical Research: Oceans, 0,
https://doi.org/10.1029/2018JC014775, 2018.

Raasch, S. and Schréter, M.: PALM-A large-eddy simulation model performing on massively parallel computers, Meteorol. Z., 10, 363-372,
https://doi.org/10.1127/0941-2948/2001/0010-0363, 2001.

Ramudu, E., Gelderloos, R., Yang, D., Meneveau, C., and Gnanadesikan, A.: Large Eddy Simulation of Heat Entrainment Under Arctic Sea
Ice, Journal of Geophysical Research: Oceans, 123, 287-304, https://doi.org/10.1002/2017JC013267, 2018.

Reese, R., Gudmundsson, G. H., Levermann, A., and Winkelmann, R.: The far reach of ice-shelf thinning in Antarctica, Nature Climate
Change, 8, 53, https://doi.org/10.1038/s41558-017-0020-x, 2018.

Rignot, E. and Jacobs, S. S.: Rapid Bottom Melting Widespread near Antarctic Ice Sheet Grounding Lines, Science, 296, 2020 —2023,
https://doi.org/10.1126/science.1070942, bibtex: rignot_rapid_2002, 2002.

Rignot, E., Jacobs, S., Mouginot, J., and Scheuchl, B.: Ice-Shelf Melting Around Antarctica, Science, 341, 266-270,
https://doi.org/10.1126/science.1235798, bibtex: rignot_ice-shelf 2013, 2013.

Robertson, R.: Tidally induced increases in melting of Amundsen Sea ice shelves, Journal of Geophysical Research: Oceans, 118, 3138-3145,
https://doi.org/10.1002/jgrc.20236, 2013.

Rohr, J. J., Itsweire, E. C., Helland, K. N., and Atta, C. W. V.: Growth and decay of turbulence in a stably stratified shear flow, Journal of
Fluid Mechanics, 195, 77-111, https://doi.org/10.1017/S0022112088002332, 1988.

Rosevear, M. G., Gayen, B., and Galton-Fenzi, B. K.: The role of double-diffusive convection in basal melting of Antarctic ice shelves, Pro-
ceedings of the National Academy of Sciences, 118, https://doi.org/10.1073/pnas.2007541118, publisher: National Academy of Sciences
Section: Physical Sciences, 2021.

Rozema, W., Bae, H. J., Moin, P., and Verstappen, R.: Minimum-dissipation models for large-eddy simulation, Physics of Fluids, 27,
https://doi.org/10.1063/1.4928700, 2015.

Ruan, X., Speer, K. G., Thompson, A. F., Chretien, L. M. S., and Shoosmith, D. R.: Ice-Shelf Meltwater Overturning in the Bellingshausen
Sea, Journal of Geophysical Research: Oceans, 126, €2020JC016 957, https://doi.org/https://doi.org/10.1029/2020JC016957, 2021.

Schmidtko, S., Heywood, K. J., Thompson, A. F., and Aoki, S.: Multidecadal warming of Antarctic waters, Science, 346, 1227-1231,
https://doi.org/10.1126/science.1256117, bibtex: schmidtko_multidecadal_2014, 2014.

Stoll, R. and Porté-Agel, F.: Large-Eddy Simulation of the Stable Atmospheric Boundary Layer using Dynamic Models with Different
Averaging Schemes, Boundary-Layer Meteorology, 126, 1-28, https://doi.org/10.1007/s10546-007-9207-4, 2008.

Sutherland, G., Reverdin, G., Marié, L., and Ward, B.: Mixed and mixing layer depths in the ocean surface boundary layer under conditions
of diurnal stratification, Geophysical Research Letters, 41, 8469-8476, https://doi.org/10.1002/2014GL061939, 2014.

Temperton, C.: A Generalized Prime Factor FFT Algorithm for any N = 2p 3q 5r, SIAM Journal on Scientific and Statistical Computing, 13,
676686, https://doi.org/10.1137/0913039, publisher: Society for Industrial and Applied Mathematics, 1992.

Vreugdenhil, C. A. and Taylor, J. R.: Stratification effects in the turbulent boundary layer beneath a melting ice shelf: insights from resolved

large-eddy simulations, Journal of Physical Oceanography, https://doi.org/10.1175/JPO-D-18-0252.1, 2019.

28


https://doi.org/10.1146/annurev.fluid.35.101101.161144
https://doi.org/10.1016/0021-9991(70)90038-0
https://doi.org/10.1029/2018JC014775
https://doi.org/10.1127/0941-2948/2001/0010-0363
https://doi.org/10.1002/2017JC013267
https://doi.org/10.1038/s41558-017-0020-x
https://doi.org/10.1126/science.1070942
https://doi.org/10.1126/science.1235798
https://doi.org/10.1002/jgrc.20236
https://doi.org/10.1017/S0022112088002332
https://doi.org/10.1073/pnas.2007541118
https://doi.org/10.1063/1.4928700
https://doi.org/https://doi.org/10.1029/2020JC016957
https://doi.org/10.1126/science.1256117
https://doi.org/10.1007/s10546-007-9207-4
https://doi.org/10.1002/2014GL061939
https://doi.org/10.1137/0913039
https://doi.org/10.1175/JPO-D-18-0252.1

760

765

Webber, B. G. M., Heywood, K. J., Stevens, D. P., and Assmann, K. M.: The Impact of Overturning and Horizontal Circulation in Pine Island
Trough on Ice Shelf Melt in the Eastern Amundsen Sea, Journal of Physical Oceanography, 49, 63—83, https://doi.org/10.1175/JPO-D-17-

0213.1, 2018.

Wiel, B. J. H. V. d., Moene, A. F, and Jonker, H. J. J.: The Cessation of Continuous Turbulence as Precursor of the Very Stable Nocturnal
Boundary Layer, Journal of the Atmospheric Sciences, 69, 3097-3115, https://doi.org/10.1175/JAS-D-12-064.1, publisher: American
Meteorological Society Section: Journal of the Atmospheric Sciences, 2012.

Wahlin, A. K., Graham, A. G. C., Hogan, K. A., Queste, B. Y., Boehme, L., Larter, R. D., Pettit, E. C., Wellner, J., and Heywood,
K. J.: Pathways and modification of warm water flowing beneath Thwaites Ice Shelf, West Antarctica, Science Advances, 7, eabd7254,
https://doi.org/10.1126/sciadv.abd7254, publisher: American Association for the Advancement of Science Section: Research Article,
2021.

Zhou, Q., Taylor, J. R., and Caulfield, C. P.: Self-similar mixing in stratified plane Couette flow for varying Prandtl number, Journal of Fluid

Mechanics, 820, 86—120, https://doi.org/10.1017/jfm.2017.200, 2017.

770 Zonta, F. and Soldati, A.: Stably Stratified Wall-Bounded Turbulence, Applied Mechanics Reviews, 70, https://doi.org/10.1115/1.4040838,

2018.

29


https://doi.org/10.1175/JPO-D-17-0213.1
https://doi.org/10.1175/JPO-D-17-0213.1
https://doi.org/10.1175/JPO-D-17-0213.1
https://doi.org/10.1175/JAS-D-12-064.1
https://doi.org/10.1126/sciadv.abd7254
https://doi.org/10.1017/jfm.2017.200
https://doi.org/10.1115/1.4040838

