
* Corresponding author. Email address: alena.malyarenko@niwa.co.nz 

A synthesis of thermodynamic ablation at ice-ocean interfaces 
from theory, observations and models 

Alena Malyarenkoa,b,∗, Andrew J. Wellsc, Patricia J. Langhornea, Natalie J. Robinsonb, 
Michael J.M. Williamsb, Keith W. Nichollsd 

aDepartment of Physics, University of Otago, Dunedin, 9054, New Zealand 
b National Institute of Water and Atmospheric Research, Wellington, 6022, New Zealand 

cAtmospheric, Oceanic and Planetary Physics, Department of Physics, University of Oxford, 
Clarendon Laboratory, Parks Road, Oxford, OX1 3PU, UK 

d British Antarctic Survey, High Cross, Madingley Road, Cambridge, CB3 0ET, UK 
 
Abstract 
Thermodynamic ablation of ice in contact with the ocean is an essential element of ice sheet and 
ocean interactions but is challenging to model and quantify. Building on earlier observations of 
sea ice ablation, a variety of recent theoretical, experimental and observational studies have 
considered ice ablation in contrasting geometries, from vertical to near-horizontal ice faces, and 5 
reveal different scaling behaviour for predicted ablation rates in different dynamical regimes. 
However, uncertainties remain about when the contrasting results should be applied, as existing 
model parameterisations do not capture all relevant regimes of ice-ocean ablation. To progress 
towards improved models of ice-ocean interaction, we synthesise current understanding into a 
classification of ablation types. We examine the effect of the classification on the 10 
parameterisation of turbulent fluxes from the ocean towards the ice, and identify the dominant 
processes next to ice interfaces of different orientation. Four ablation types are defined: melting 
and dissolving based on ocean temperatures, and shear-controlled and buoyancy-controlled 
regimes based on the dynamics of the near-ice molecular sublayer. We describe existing 
observational and modelling studies of sea ice, ice shelves, and glacier termini, as well as 15 
laboratory studies, to show how they fit into this classification. Two sets of observations from 
the Ross and Ronne Ice Shelf cavities suggest that both the  buoyancy-controlled and shear-
controlled regimes may be relevant under different oceanographic conditions. Overall, 
buoyancy-controlled dynamics are more likely when the molecular sublayer has lower Reynolds 
number, and shear for higher Reynolds number, although the observations suggest some 20 
variability about this trend.  

Highlights 
• Four ablation types are presented based on the ice-ocean boundary layer structure. 
• Ice ablation parameterisations are dependent on the ablation types. 
• Existing observations, modelling and laboratory studies of ablation are classified. 25 
• Two distinct turbulent flux regimes are identified in ice shelf cavity observations 

Keywords: ablation; ice melting; cryosphere; heat transfer; ice shelf cavity observations; ice-
ocean modelling.  

1. Introduction 

The ocean drives the thermodynamic ablation of ice in a variety of geophysical settings: sea ice, 30 
ice shelves and glaciers. Basal ice ablation is a significant component of mass loss from the Antarctic Ice 
Sheet (Pritchard et al., 2012), contributing more than half of the total (Depoorter et al., 2013; Rignot et 
al., 2013; Liu et al., 2015). Increased glacial meltwater outflow from the Antarctic ice sheet has a range of 
effects: increase in large scale sea ice extent (Merino et al., 2018), local increase of sea ice thickness 
(Langhorne et al., 2015); reduction in bottom water formation (Silvano et al., 2018) and its freshening 35 
(Purkey and Johnson, 2013); positive feedback from reduced polynya activity leading to increased basal 
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ablation of ice (Naughten et al., 2018a); global changes in the Southern Ocean (Timmermann and 
Hellmer, 2013) and impacts on the Meridional Overturning Circulation (Liu, 2018).  

In the Northern Hemisphere, the reduction in Arctic sea ice observed over the last 4 decades is 
predicted to continue in the future (Meier, 2016; Notz and Bitz, 2016). The ablation of sea ice shows 40 
significant sensitivity to ocean heat flux (Maykut and Untersteiner, 1971) and is still challenging to 
predict on seasonal scales (Blanchard-Wrigglesworth et al., 2017). Meanwhile, ocean-linked recession of 
the calving faces of the Greenland glaciers has been observed over the last two decades (Rignot et al., 
2010; Schaffer et al., 2017; Sciascia et al., 2013; Straneo et al., 2012; Straneo and Cenedese, 2015) but 
questions about submarine ablation still remain, as in situ observations are limited. Five Greenland 45 
glaciers have floating ice shelves today (Shroyer et al., 2017) and show similar uncertainties in ice sheet-
ocean interaction to ice shelves surrounding Antarctica. Lack of understanding of Greenland and 
Antarctic Ice Sheet ablation is the largest source of uncertainty in the sea level rise predictions (Shepherd 
et al., 2012). 

No unifying theory exists for all ocean-driven ablation of ice. In this study we use “ablation” to 50 
refer to thermodynamic ice loss into the ocean, driven by phase change; i.e. it is not caused by mechanical 
break off, such as iceberg calving. Ice ablation into the ocean takes place at the boundary next to sea ice, 
ice shelves, icebergs, glacier tongues and tidewater glaciers. Thermodynamic ablation depends on water 
and ice temperatures and composition, and velocity profiles. We do not discuss freezing in this work. 

The ice-ocean thermodynamic balance is commonly described via a “3-equation” balance (e.g., 55 
Holland and Jenkins, 1999), where the salinity-dependent freezing temperature and the equations for the 
conservation of heat and salt are used to predict the interface salinity, temperature and ablation rate, given 
the far field temperature, salinity and water speed. While use of the balance formulation is presently 
widespread in ocean-coupled models, several terms are still not well constrained by observations. The 
coefficients used in the parameterisation of the transfer of heat, salt and momentum from the far field to 60 
the ice-ocean interface show the widest scatter. These parameterised fluxes include implicit assumptions 
about mixing, stratification, the shape of density and velocity profiles, and the boundary layer thickness. 
If a study uses a parameterisation depending on the ocean velocity, the effects of basal friction also need 
to be explicitly taken into account. Differences in sea ice and ocean mixed layer conditions lead to a wide 
range of coefficient values when fitted to individual observations (e.g., Notz et al., 2003; Sirevaag, 2009; 65 
McPhee, 2016; Peterson et al, 2017). Using the same coefficient values for the vertical walls of tidewater 
glaciers, and the base of an ice shelf seems intuitively unrealistic. A lack of observations close to these 
interfaces introduces uncertainty in understanding the dominant physical processes and leads to large 
uncertainties in how key processes are modelled. Here we present an initial classification of ablation 
types, find similarities between all ice-ocean interfaces and point out the differences that require future 70 
research.  

Ablation can be characterised via two thermal regimes: dissolving and melting, depending on the 
relative magnitudes of the ocean temperature and ice freezing temperature (e.g., Kerr, 1994a, 1994b; Kerr 
and McConnochie, 2015; Notz et al. 2003; Wells and Worster, 2011; Woods, 1992). For example, a 
glacier terminating into water melts when the water is warm enough to bring the interface to the freezing 75 
temperature of pure water (i.e. 0°C at surface pressure). Melting occurs both in fresh and salt water as 
long as the water is warm enough. However, there are many occasions where the phase change of ice 
occurs in contact with saline ocean water that is below the freezing temperature of pure freshwater (e.g., 
McPhee et al., 1987, Nicholls et al., 2012). For example, at 1000 m below sea level an ice shelf-ocean 
interface cannot melt if the surrounding ocean is below -0.75°C (in-situ freezing point of fresh water). 80 
The phase change in this case is described as dissolving: a flux of salt from the ocean is directed towards 
the ice-ocean interface, lowering the local freezing point enough for a phase change to occur. During 
dissolution the ablation rate explicitly depends on the salt supply, which allows the local salinity-
dependent freezing temperature at the interface to be significantly lower than the freezing temperature of 
ice. This process is described implicitly in large-scale ice-ocean models, although it is not always 85 
explicitly called dissolving.  

Based on the water velocity, two turbulent flux regimes can be defined in the ocean boundary 
layer that affect ablation. They can be described as either buoyancy-controlled or shear-controlled (Wells 
and Worster, 2008). The thickness of the molecular sublayer adjacent to the interface is determined by 
different parameters in these regimes, and this influences how the heat flux through the ocean boundary 90 
layer should be parameterised. These physical mechanisms that drive mixing may be modulated by 
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stratification in the boundary layer. 
In this contribution we describe the essential characteristics of each regime and the transitions 

between regimes, based on existing laboratory, theoretical and modelling studies, and identify gaps in the 
field. We classify existing studies based on regime, and suggest that a wide range of published research, 95 
created for ice walls and vertical plates, is applicable to an approximately horizontal ice shelf base. We 
also group sea ice and ice shelf studies by process, and note that some processes are not currently 
described in large-scale models. Accordingly, we will examine different approaches taken by ocean-
focused and cryosphere-focused modelling. Finally, we compare existing ablation parameterisations to 
oceanographic observations from ice shelf cavities to understand ablation dynamics.  100 

The paper is structured as follows: in Sections 2 and 3 we elaborate on the above described 
thermal and turbulent flux regimes, respectively. In Section 4, we provide classification criteria for 
ablation types and describe them for vertical, sloping and horizontal interfaces, noting possible effects of 
stratification and roughness on the ablation rate. In Section 5 we review existing modelling studies of ice-
water ablation and, where possible, classify them by ablation type. We apply this ablation type 105 
classification to oceanographic observations from two ice shelf cavities in Section 6. Finally, in Section 7 
we synthesise these strands and suggest several areas for future research. 

2. Thermal Regimes 

In a system with a pure solid (e.g. an ice shelf) and a binary liquid (e.g. sea water) melting or 
dissolving allows the solid to lose mass by phase change (Woods, 1992; Kerr, 1994a, 1994b; Notz et al. 110 
2003; Wells and Worster, 2011). During melting, the phase change is driven by heat transfer from the 
liquid to the interface, while during dissolution the phase change happens in order to maintain chemical 
equilibrium at the interface. Woods (1992) developed the theory to include a binary solid and binary 
liquid, so the same ideas can be applied to a system of sea ice and sea water. Later, Hatton and Woods 
(2007, 2008) demonstrated the dependence of dissolving on the composition of the ice, as different salts 115 
dissolve at different rates depending on the conditions. A practical application of dissolution has been 
studied by Wåhlin and Klein-Paste (2017), who investigated the dissolving of ice at −5°C by different 
chemical solutions, with application to dissolving ice on roads. 

During dissolution, salt is transferred to the interface where it depresses the local, salinity-
dependent freezing temperature. The rate of salt transfer across the molecular sublayer can be two orders 120 
of magnitude smaller than that of heat transfer (McPhee et al., 1987; Steele et al., 1989), so salt transfer 
plays the limiting role on the rate of phase change. In contrast, during melting, the rate of phase change is 
unaffected by how quickly salt can be transferred, and is limited only by how fast the heat is transferred 
from the ocean to the interface. Asymptotic solutions show a transition region between melting and 
dissolving for cases of both diffusive transfer (Woods, 1992) and laminar convection (Wells and Worster, 125 
2011). The decrease in far-field temperature required for a shift from melting to dissolving is not 
significantly different for diffusive and laminar transport (Wells and Worster, 2011). For laminar 
convection in the ocean next to an ice shelf, the transition from dissolving to melting occurs continuously 
over a range of temperatures between approximately −0.5°C and +5.5°C. 

The difference between melting and dissolving can be clearly illustrated by temperature and 130 
salinity profiles in the boundary layer next to the interface (Fig. 1). This sketch is based on several works 
(e.g., Kerr, 1994a, 1994b; Notz et al., 2003; Wells and Worster, 2011; Woods, 1992), but is illustrated 
here for a horizontal ice-water interface positioned above the saline water. 

In the case of dissolving, both temperature and salinity profiles have non-zero gradients next to 
the interface. The salinity at the interface differs from the far-field salinity of the sea water and from the 135 
salinity of the ice. The interface is bound by a freezing point dependence, so the temperature there is 
below the freezing point of the ice in pure water. Ablation is driven by salt transfer from sea water to the 
interface and stops when the salinity profile has negligible gradient (i.e. there is no net salt transfer). Salt 
transfer is required to depress the salinity-dependent freezing temperature, hence dissolving is limited by 
salt transfer from the water to the interface. Woods (1992) showed that a warm solid can provide energy 140 
to allow phase change, demonstrating that the required heat does not have to be supplied by the liquid 
(dashed red profile in Fig. 1a). 

In the case of melting (Fig. 1b), release of meltwater is sufficiently fast for a fresh water layer to 
develop immediately adjacent to the interface (Wells and Worster, 2011). The largest salinity gradients 
occur in an internal boundary layer slightly below the interface, and only the temperature profile has an 145 
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appreciable gradient at the interface. In the layer adjacent to the interface salt transfer has no effect on the 
phase change rate and so melt rate is limited by heat transfer through this layer. Melting by this 
mechanism (rather than basal freezing) occurs as long as the heat supplied to the interface from the ocean 
exceeds that transferred from the interface through the ice shelf, which requires ocean temperatures to be 
significantly above the melting point of freshwater. 150 

Large scale models that describe a thermodynamic balance between ice and ocean typically rely 
on the parameterisation of processes that happen in the ocean boundary layer adjacent to the interface. 
Conservation of heat and salt can be expressed by the Stefan condition and accompanying balance of 
solute fluxes across the ice-ocean interface. Additionally, the interface is described by the freezing point 
equation. Together this “3-equation balance” is the most common way to describe ablation, and can be 155 
formulated as follows: 

−𝜌!"#𝑐!"#𝛾!!"#(𝑇!"# − 𝑇!) + 𝜌!"#𝑉𝐿 + 𝜌!𝑐!𝛾!∆𝑇 = 0 , (1) 
−𝜌!"#𝑉(𝑆!"# − 𝑆!) + 𝜌!𝛾!∆𝑆 = 0 , (2) 
𝑇! = 𝑎𝑆! + 𝑏 + 𝑐𝑝 , (3) 

where 𝑄!!"# = −𝜌!"#𝑐!"#𝛾!!"#(𝑇!"# − 𝑇!) is the heat flux through the ice; 𝑄!!"#$%# = 𝜌!"#𝑉𝐿 is the latent 160 
heat flux from phase change; 𝑄!! = 𝜌!𝑐!𝛾!∆𝑇 is the heat flux through the water; 𝑄!!"#$% = 𝜌!"#𝑉(𝑆!"# −
𝑆!) is the net salt flux from the ice-ocean interface resulting from ablation or freezing (where ablation 
results in negative 𝑄!!"#$% and net freshening of the ocean), and 𝑄!! = 𝜌!𝛾!∆𝑆 is the salt flux through 
water. The density of ice is 𝜌!"#, the density of water is 𝜌!; 𝑐!"# is the specific heat capacity of ice, 𝑐! is 
the specific heat capacity of water; L is the specific latent heat of fusion. The temperature, salinity and 165 
pressure at the interface are 𝑇!, 𝑆!, and 𝑝 respectively, whilst a, b and c are empirical constants. The scalar 
transfer coefficients 𝛾!!"# , 𝛾! and 𝛾! have units of velocity, and control the flux resulting from change of 
the scalar (∆𝑇 = 𝑇! − 𝑇! ,∆𝑆 = 𝑆! − 𝑆!) over the chosen distance. 𝑉 is the rate at which the ice thins by 
ablation, positive for ablation, in ms-1 (e.g., Holland and Jenkins, 1999). Ablation of ice results in a 
volume flux of freshwater per unit area 𝑤 satisfying 𝜌!𝑤 = 𝜌!"#𝑉, where 𝜌! is the density of the water at 170 
the ice-ocean interface. One can often approximate 𝜌!~𝜌! (accurate within a few percent). Please refer to 
Appendix A for nomenclature throughout this article, and to Appendix B for a summary of transfer 
coefficients. The role of 𝛾!!"# is to describe the heat flux within the ice shelf, representing advection of 
heat (𝛾!!"# = 𝑉), or vertical diffusion of heat (𝛾!!"# = 𝜅!"#/𝐻, where H is the thickness of the ice shelf, 
e.g., Holland and Jenkins, 1999). The role of the 𝛾! and 𝛾! parameterisation is to describe the ice-ocean 175 
fluxes of heat and salt in terms of the integral change of the parameter (temperature, salinity) between the 
interface and the ocean grid point position next to the ice, implicitly accounting for the unresolved 
turbulent dynamics. The choice of length scale determines the processes that transfer coefficients have to 
account for. In large-scale ocean models the melting and dissolving limits will emerge from Eqs. (1-3) 
and the flux parameterisations applied. However, it is important that these parameterisations adequately 180 
incorporate the fluid dynamic effects of the boundary layer structures. 

To summarise, the thermal regime determines whether the ice is dissolving or melting, and 
impacts the structure of the ocean layer immediately adjacent to the ice ocean interface. The ice dissolves 
when large salt gradients and fluxes control the ablation rate, whilst the ice melts at warmer temperatures 
when the ablation rate is relatively independent of the flux of salt and is instead controlled by the heat 185 
flux. 

3. Turbulent Flux Regimes 

Our flow classification relies on the observation that turbulent production in the ice-ocean 
boundary layer will be controlled by either buoyancy forces or by shear. We initially review the turbulent 
flow regimes for thermal convection at a vertical surface. Later we argue these regimes may also apply 190 
under sufficiently steep slopes, and provide insights relevant to combinations of buoyancy and shear. 
Wells and Worster (2008) introduced a theory of convective regimes for thermally driven buoyant 
convection next to a heated wall that can be scaled up to geophysical scales. This has dynamical 
similarities with buoyancy-driven convection of fresh water released at an ice face. We do not expect to 
see laminar convection over any appreciable scale in the geophysical situation, but we are interested in 195 
the two turbulent flux regimes: buoyancy-driven and shear-driven. Wells and Worster (2008) envisaged 
the buoyancy force as a mechanism to generate turbulence and flow along the interface. It thus needs an 
ice shelf with an appreciable basal slope, and cannot occur for flow under horizontal ice faces. The 
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buoyancy force also provides the stabilising effect of stratification for non-vertical faces, although this is 
not a direct agent for turbulent production. For flow below horizontal ice faces, the turbulent fluxes would 200 
either be controlled by the shear regime due to external flows (possibly modified by stable stratification), 
or double-diffusive turbulence in quiescent settings (discussed in more detail in Sect. 4.3, 4.4). We thus 
use the terms buoyancy-controlled flux regime, which includes both direct buoyancy-driven convection 
as described in Wells and Worster (2008) and double-diffusive turbulence (c.f. Keitzl et al., 2016a), and 
shear-controlled flux regime throughout this article to highlight differences in the two flux 205 
parameterisations. Figure 2 shows the transition from laminar convection to buoyancy-controlled 
turbulent convection and then shear-controlled turbulent convection, and the corresponding impact on the 
molecular sublayer. It is important to note that the differing effects of the buoyancy force on the 
production of turbulence via along slope flow, and the suppression of turbulent mixing via vertical 
stratification will vary for interfaces with different orientations. 210 

A boundary layer exists in the ocean next to an ice-ocean interface. Inside the boundary layer, we 
can define a molecular sublayer, where molecular transport dominates, and the outer turbulent layer, 
dominated by inertia and turbulent transport (e.g. Wells and Worster, 2008). By contrast, for flow under 
ice shelves with shallow slope, the region of turbulent transport is likely to be dominated by Coriolis 
forces, and might be subject to a balance of Coriolis and buoyancy forces (c.f. Jenkins, 2016). The 215 
following discussion is based on single component convection along a vertical wall, while slopes are 
considered later.  The difference between heat flux expressions for the different  turbulent-flux regimes is 
determined by how the thickness of the molecular sublayer is calculated. For vertical boundaries, the 
system is described using dimensionless numbers: 

𝑅𝑎! =
!!!!

!"
, (4) 220 

𝑅𝑒! =
!"
!

, (5) 
where a condition 𝑅𝑎! = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 represents a buoyancy stability criterion, and a condition 𝑅𝑒! =
𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 is a shear stability criterion. Here, δ is the molecular sublayer thickness, W is the mean vertical 
velocity of the boundary layer, ν is kinematic viscosity, κ is thermal diffusivity, and 𝑔! = ! (!!!!!)

!!
 is the 

reduced gravity based on the density difference between the far field (𝜌!) and interfaces values.  225 
For the regime with buoyancy-controlled fluxes, the molecular sublayer thickness is determined 

by a constant 𝑅𝑎!  (Eq. (4), see Wells and Worster, 2008). In this case, the molecular sublayer thickness is 
intrinsically determined, and it depends on the density difference between the interface and the ambient 
layers. As velocities outside of the molecular sublayer grow and the boundary layer Reynolds number 
𝑅𝑒!  attains a critical value 𝑅𝑒!  for shear instability, the outside layer begins to exert shear on the 230 
molecular sublayer and the thickness of the molecular sublayer is instead determined by a constant 𝑅𝑒!  
(Eq. (5), see Wells and Worster, 2008). In this case, the thickness of the molecular sublayer is determined 
by the mean water velocity W. Thus the switch between the turbulent flux regimes depends on the 
strength of flow in the turbulent outer layer, with the thickness of the molecular sublayer changing 
between regimes. The current observational evidence does not fully constrain a specific threshold value 235 
𝑅𝑒! for shear instability, which could in principle depend on the specific velocity variation with distance 
from the ice face. Wells and Worster (2008) gave an approximate estimate by drawing analogy with shear 
instability of a Blasius boundary layer flow. The resulting transitions between regimes are defined in 
Figure 3. 

The changing molecular sublayer thicknesses yield expressions for heat and salt flux formulations 240 
consistent with studies of an ice-water interface from the literature (Figure 3). A scaling estimate for the 
heat flux through the boundary layer ℎ yields 𝑞 = 𝜌!𝑐!𝜅

!"
!" !!!

~𝜌!𝑐!𝜅
∆!
!

. In that case, 𝛿 is estimated 

differently in the two turbulent flux regimes. First from Eq. (4), in the buoyancy-controlled regime 
!
!
= !!

!"!"!

!/!
, so 𝑞~𝜌!𝑐!

!!!!

!!"!

!/!
 ∆𝑇 . Analogously, for compositional convection, Kerr and 

McConnochie (2015) define the salt flux as 𝐹! =
!∆!
!!
~𝛾 !!!!

!

!/!
∆𝑆, where the constant 𝛾~ !

!"!

!/!
. 245 

In constructing these scaling estimates, we have assumed that the temperature and salinity drops across 
the molecular sublayer are a similar order of magnitude to the total temperature and salinity differences 
across the boundary layer. Second in a shear-controlled regime from equation (5), !

!
= !

!!"!
, so 
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𝑞~𝜌!𝑐!𝑊
!

!!"!
 ∆𝑇. This case is analogous to the widely used parameterisation of heat flux first defined 

in (McPhee et al., 1987) with 𝑄! = 𝜌!𝑐!u∗Γ!∆T = 𝜌!𝑐!𝑈 𝐶!!/!Γ!  ∆T. Assuming that the velocity at 250 
the edge of the sublayer is of similar order of magnitude to the mean velocity in the boundary layer, the 
scaling argument of Wells & Worster (2008) based on the shear instability criterion for the molecular 
sublayer yields 𝐶!!/!Γ!~

!
!!"!

 (Fig. 3). For a pure stratified shear flow at a horizontal boundary, McPhee 

et al. (1987) derive a more complex expression for the prefactor 𝐶!!/!Γ! that more fully accounts for 
velocity variation over the log layer and the impact of stratification, although current observations are 255 
insufficient to distinguish this from a constant coefficient (see discussion in Jenkins, 2011). 

The way the thickness is determined suggests that the heat flux shows dependence on different 
parameters in the buoyancy-controlled and shear-controlled flux regimes. In the buoyancy-controlled 
regime for thermal convection, the heat flux through the entire boundary layer depends primarily on the 
temperature difference (i.e. density difference) between the interface and the turbulent layer. In contrast, 260 
in the shear-controlled regime for thermal convection, the heat flux through the entire boundary layer 
depends on the same temperature difference (i.e. density difference) and the characteristic velocity of the 
outer turbulent layer (as velocity determines δ through 𝑅𝑒!). The different scalings for heat and salt 
fluxes give quite different predictions for the ablation rates, thus using the appropriate scaling is essential. 

For both convective flow from a melting ice face, and heat transfer from a heated vertical surface 265 
(Wells and Worster, 2008), local dimensionless numbers can be defined as a function of height as shown 
in Figure 3. The heat flux through the boundary layer, 𝑞, can be characterised by the local Nusselt number 
𝑁𝑢! =

!"
!!!!!∆!

 expressed in terms of the local Rayleigh number 𝑅𝑎! =
!!!!

!"
, where z is distance from the 

leading edge of the ice face where flow is initiated (i.e., base of the terminus for the glacier termini, or the 
grounding line for ice shelves). The relationship between these numbers provides an expression for the 270 
heat flux across the boundary layer through the thickness of the molecular sublayer.  

To summarise, the type of turbulent flux regime determines the thickness of the molecular 
sublayer and how this thickness is calculated. 

4. Ablation Types 

For ice ablation, both heat and salt transport are relevant, with release of fresh meltwater 275 
providing a buoyancy source. The turbulent flux and the thermal regimes both affect the ablation rate due 
to the boundary layer structure. This informs the basis for the classification of ablation types, first 
described for a vertical interface by Wells (2008). The underlying assumptions used are: 1) during 
melting, a freshwater layer is located next to the interface (with salinity nearly equal to the salinity of the 
solid); 2) during dissolving, the salinity at the interface differs significantly from both the salinity of the 280 
ice and the salinity of the ambient water; and 3) the shear-controlled regimes have a well-mixed outer 
boundary layer that likely extends further from the interface than the buoyancy-controlled regime. 

Transitions between dissolving and melting have been considered for diffusive transport (Woods, 
1992), in the presence of laminar compositional convection (Wells and Worster, 2011) and for horizontal 
surfaces where buoyant melt convects through the overriding fluid, located above the interface (Kerr 285 
1994a, 1994b). Below we review theoretical and experimental studies relevant to these transitions 
occurring for melting glacier termini, ice shelves and sea ice, for cases where a turbulent and buoyant 
flow is confined from the side or from above. The turbulent melting regime has been the least studied, 
and theories for the transition between turbulent dissolving and melting have not yet been tested against 
observations. The existing solutions are highly dependent on the orientation of the ice-water boundary. As 290 
a result, next we describe how interface orientation affects the results. We provide a reference tree of the 
studies that suggested new ablation parameterisations and show the theory development in Figure 4. 
Modelling studies will be described in Section 5. 

4.1. Vertical Interface 

A plume of meltwater rising along a vertical ablating interface sustains convection. In laminar 295 
convection next to a wall Wells and Worster (2011) showed asymptotic solutions for melting and 
dissolving. The difference between melting rates and dissolving rates depends not only on thermal and 
salt diffusivities, but also on the boundary layer thickness and changing interfacial salinity. Thus there is a 
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smooth transition between slow dissolution rates and slightly faster melting rates. As the rising plume 
transforms from laminar to buoyancy-controlled to shear-controlled, increased mixing can lead to a larger 300 
difference between melting and dissolving solutions (Wells, 2008). 

Pioneering work on ice ablation was done in the 1980s (Huppert, 1989; Huppert et al., 1984; 
Huppert and Josberger, 1980; Huppert and Sparks, 1988; Huppert and Turner, 1980, 1981; Josberger and 
Martin, 1981). For wall ablation, bidirectional flow next to the interface has been described for the 
laminar sublayers (Josberger and Martin, 1981). In the case of a stratified liquid, the spread of meltwater 305 
in horizontal layers has been observed (Huppert and Turner, 1980, 1981; Jacobs et al., 1981). 

Laboratory experiments and Direct Numerical Simulations (DNS) experiments have studied the 
ablation of a vertical ice-water interface in a variety of conditions, and have been compared with results 
from a theory developed to quantify fluxes at a horizontal interface (Kerr, 1994a, 1994b). First, Kerr and 
McConnochie (2015) and Gayen et al. (2016b) considered an ice wall adjacent to water of constant 310 
salinity and made a series of experiments with water temperatures between 0 and 6°C. In this case, the 
ablation was characterised as buoyancy-controlled dissolving, with the observed ablation rate consistent 
with 𝑤 = 𝑐𝑜𝑛𝑠𝑡×(𝑇! − 𝑇!(𝑆!))!.!", thus confirming the independence of ablation from the mean plume 

velocity during buoyancy-controlled dissolving. The power 4/3 arises from 𝜌! − 𝜌!
!
!(𝑆! − 𝑆!) (Kerr 

and McConnochie (2015), eq. 2.23), where both density and salinity differences show linear dependency 315 
on (𝑇! − 𝑇!(𝑆!)). The authors note that when the water temperature exceeds 3-4°C above the freezing 
point, a transition into turbulent melting is approached (rather than dissolving) and estimated that the 
interface temperature is overestimated by their analysis. Complimentary DNS modelling (Gayen et al., 
2016b) confirms the same power-law dependence of dissolving rate on temperature difference as in the 
laboratory observations. 320 

The transition between buoyancy-controlled and shear-controlled regimes next to a wall has been 
discussed by Kerr and McConnochie (2015). The transition is predicted to happen at 𝑅𝑎!= 1016 for the 
thermal convection of air (based on the Prandtl number, Grossmann and Lohse, 2000). However, for 
compositional convection during ice ablation the transition between turbulent flux regimes occurs at 
𝑅𝑎!= 1021 (based on the Schmidt number, see Kerr and McConnochie, 2015). McConnochie and Kerr 325 
(2017) considered experiments for a vertical ice wall where the flow velocity is enhanced by the 
introduction of a significant buoyancy source, simulating effects of subglacial discharge. They found that 
the transition between buoyancy and shear regimes occurs at a plume speed of 0.03−0.05 ms-1 for water at 
+3.5°C. 

Such small-scale studies provide a unique ability to examine interface conditions and boundary 330 
layer development in a controlled environment, that cannot be obtained in field observations. In general, 
however, such small-scale studies do not reach Rayleigh numbers that are typically observed next to an 
ice-ocean interface in the field, and scaling of the results is not a trivial task. 

In reality many glaciers are confined in fjords in complex geometries. Recently, a series of 
laboratory studies were conducted in order to understand glacier ablation on a fjord scale. Sciascia et al. 335 
(2014) and Cenedese and Gatto (2016a) showed in laboratory experiments that the ablation rate of a 
glacier terminus directly depends on the fjord dynamics and subglacial discharge (which impacts water 
velocity and temperature). Cenedese and Gatto (2016b) tested the impact of discharge source locations: 
two closely located discharge sources acting as one large plume cause more melting than if they are 
located far apart, even though the area of melting is smaller.  340 

The grounding line region of Antarctic glaciers remain under-observed, with a handful of studies 
providing in situ ocean forcing (e.g., Sugiyama et al., 2014). Tidewater glaciers have been a subject of 
observational studies recently, providing insight into ocean conditions in the fjords of Greenland 
(reviewed by Straneo and Candedese, 2015; see also Cape et al., 2019; Carroll et al., 2018; Jackson and 
Straneo, 2016; Mankoff et al., 2016; Moon et al., 2018; Schild et al., 2018; Slater et al., 2018; Straneo et 345 
al., 2010, 2012), Alaska (Motyka et al., 2013) and Patagonia, where a glacier is in direct contact with 
waters of 8-11°C (Moffat et al., 2018). Similarly, icebergs may float into warm Atlantic waters 
(Yankovsky and Yashayaev, 2014). All of these ice interfaces are subject to melting. Nonetheless, the 
“wall” ablation of glacier termini is tricky to measure. 

4.2. Sloping Interface 350 

Incorporating the effect of the interface slope can be done directly in the thermodynamic balance, 
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or through modification of the ocean velocity calculation when in the shear regime. For Ice Shelf Water 
plumes (Jenkins, 1991; Jenkins and Bombosch, 1995, and derivatives thereof) the effects of basal slope 
are included in the buoyancy force that drives the flow and in the entrainment calculation. For a gentle 
slope (slopes of 10-2 and less) the buoyancy of the plume is balanced by friction. 355 

Wells (2008) calculated transitions under a sloping interface for a plume model of natural 
convection under an ice shelf base. In this case W is interpreted as the alongslope velocity, and δ and 
(𝜌! − 𝜌!) are measured normal to the interface. For steep slopes with 𝑡𝑎𝑛𝜑 ≫ 0.014 (where 𝜑 = 0 is 
horizontal), the theory suggests that the boundary layer model (described here in Sect. 3) can be safely 
applied to thermal convection, with the reduced gravity normalised by the slope, 360 
𝑔! =  𝑔 (𝜌! − 𝜌!) 𝑠𝑖𝑛𝜑 𝜌!. The distance from the leading edge to the transition to turbulent flow 
increases for more shallow angles, due to the weaker alongslope component of the buoyancy force. But 
the distance between the initial buoyancy instability and the subsequent shear instability decreases for 
more shallow angles (i.e. the shear-controlled regime arrives more readily). From Eq. (4) we can see that 
to maintain the buoyancy stability criterion with smaller 𝑔!, a larger δ is required. The larger δ then 365 
allows the shear instability criterion Eq. (5) to be attained with smaller alongslope velocity W than is 
necessary for steeper slopes. For convection dominated by differences in salinity, Wells (2008) argued 
that this boundary layer model applies for slopes with angle tan𝜑 ≫ 0.001. Assuming that the boundary 
layer model is valid for a slope tan𝜑 = 0.002 as used in Jenkins (1991), Wells (2008) estimated that the 
surface would be in the shear-controlled regime when the distance along the slope is > 900 m. However, 370 
these transition angles have not been tested in the field or in laboratory experiments, and so the results 
should be treated with appropriate caution. 

For sloping ice faces in the buoyancy-controlled regime, the solution for the thermodynamic 
balance of a vertical wall is modified by accounting for the angle of the interface. McConnochie and Kerr 
(2018) and Mondal et al. (2019) showed that the ablation rate scales as (𝑠𝑖𝑛𝜑)!/! times the vertical wall 375 
case. This approach relies on the buoyancy-driven flow of meltwater along the interface. As a result, 
under a horizontal interface such a parameterisation produces no ablation at all. McConnochie and Kerr 
(2018) recommend applying their parameterisation to slopes of more than 2° to the horizontal. 

The above scalings and arguments do not account for the influence of Coriolis forces. Jenkins 
(2016) considered the boundary layer dynamics with Coriolis forces assuming a constant eddy viscosity, 380 
and neglecting alongslope gradients in temperature and salinity along with flow inertia. For buoyancy-
driven upslope flows this predicts a nested boundary layer structure, with an outer region of the boundary 
layer featuring the balance of Coriolis and buoyancy forces, transitioning to an inner Ekman layer close to 
the ice face where viscous forces become important. The solutions of Jenkins (2016) rely on assumed 
eddy diffusivities to parameterize eddy fluxes of heat, salt and momentum.  Hence it remains an open 385 
question as to how to reconcile this approach with scalings for turbulent heat and salt fluxes into the 
molecular sublayer. 

More steeply sloping ice-water interfaces can be found in ice shelf crevasses and ice shelf frontal 
regions. External velocity sources, such as tidal currents, can significantly complicate the entrainment rate 
and the boundary layer structure next to the sloping interface. Another complication for parameterising 390 
melt arises through the horizontal resolution of models. Neither an ice shelf base, nor the lower boundary 
of sea ice, are not perfectly smooth, and the ablation rate varies nonlinearly with the base angle. Thus, 
using a parameterisation based on the slope averaged over a model grid cell will not necessarily match the 
average value of the locally determined ablation rate. Accurately capturing the slope dependence, 
potentially with eddy-resolving models, is important because variable ablation under ice shelves can lead 395 
to the formation of basal channels, where the slope of the interface changes in space and time (e.g. Alley 
et al., 2016; Dallaston et al., 2015; Gladish et al., 2012; Sergienko et al., 2013). In particular, linear 
stability analysis suggests that the emergent lengthscales of such basal channels can sometimes depend 
sensitively on the magnitude of turbulent diffusive mixing (Dallaston et al., 2015), and so it may be 
important to accurately characterise eddy-induced mixing. 400 

4.2.1. Ice Shelf-Ocean Observations 

For the ice shelf case, potential sources of shear-controlled flow include buoyancy driving in the 
boundary layer, tides (including any flow induced by tidal flexure of the ice shelf in grounding zones), 
and background geostrophic currents forced by large scale pressure gradients. In contrast to sea ice, the 
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atmospheric wind stress does not substantially move the base of an ice shelf relative to the water below – 405 
and hence momentum flux beneath ice shelves is not a source of shear. The roughness of an ice shelf base 
is not yet well known but could be a factor in the shear distribution in the boundary layer. Warm 
intrusions of surface water (Mode 3 circulation, Hattermann et al., 2012; Malyarenko et al., 2019) and 
deep waters (Mode 2 circulation, Hellmer et al., 2012) could move ice from dissolving to melting regimes 
with increased ocean warming. Direct observation of the ice shelf-ocean interface is extremely difficult to 410 
achieve and thus rare. Currently the largest set of observations has been collected for the Filchner-Ronne 
Ice Shelf, a selection of which are described in Jenkins et al., (2010a); Nicholls et al., (1997, 2004, 2009). 
Limited observations are available for Larsen C (Nicholls et al., 2012; Davis and Nicholls, 2019), Ross 
(Arzeno et al., 2014; Jacobs et al., 1979; Stern et al., 2013; Stewart et al., 2019), McMurdo (Robinson et 
al., 2010; Robinson et al., 2014), George VI (Kimura et al., 2015; Potter and Paren, 1985), Fimbul 415 
(Hattermann et al., 2012), Sørsdal (Gwyther et al., 2020), Pine Island (Davis et al., 2018; Jenkins et al., 
2010b; Kimura et al., 2016; Stanton et al., 2013), and Amery (AMISOR Project, 6 moorings over 2001-
2012, Craven et al., 2014; Herraiz-Borreguero et al., 2013, 2015) Ice Shelves. 

A small subset of these (Jenkins et al., 2010a; Kimura et al., 2015; Stewart et al., 2019; Stanton et 
al., 2013) have simultaneous observations of the three ocean variables (temperature, salinity and velocity) 420 
that are required to determine ablation rate, as well as the direct measurement of ablation rate. In these 
cases, oceanographic instruments have necessarily been located away from the interface and often only 
represent point measurements, thus limiting our understanding of boundary layer structure. Snapshots of 
boundary layer structure are available from CTD profiles, but stations with continuous profiling show that 
the structure can change rapidly and assumptions of stratification cannot be extrapolated with confidence 425 
in time or space. Despite these limitations, Jenkins et al. (2010a) represents a study in which ice shelf 
cavity observations have been used to test the ice-ocean flux parameterisations, with good agreement with 
the parameterisation for the shear-controlled regime in conditions of significant tidal flow. We are 
unaware of any field tests relevant to the buoyancy-controlled regime under sloping shelves, although 
Kimura et al. (2015) observed double diffusive staircases below very shallow slopes (see below). 430 

The set of useful observations is constrained for a variety of reasons. Vertically continuous 
observations of temperature, such as fibre-optic measurements and thermistor cables (Jenkins et al., 
2010a; Stern et al., 2013), provide a first order approximation of the boundary layer structure and ablation 
rates (Kobs et al., 2014). However, as salinity is the factor that is dominant in determining density in cold 
water, we need to measure salinity at similar resolution, or else rely on knowing the temperature-salinity 435 
relationship (e.g., Gade, 1979). Data are also available from autonomous underwater vehicles (Jenkins et 
al., 2010b; Kimura et al., 2016; Nelson et al., 2017; Nicholls et al., 2006; Gwyther et al, 2020), but 
observations were not always supported with simultaneous melt rates and they are not available as long 
time series. 
Direct observations of the basal ablation rate of ice shelves have been gathered with upward 440 
looking altimeters through boreholes (Stanton et al., 2013; Stewart et al., 2019) or phase-
sensitive radars (Begeman et al., 2018; Jenkins et al., 2010b; Nicholls et al, 2015; Gwyther et al., 
2020). Remote observation of basal ablation, such as satellite observations, provide estimates 
that are heavily spatially filtered, and are often unreliable near grounding lines, where they 
calculate basal ablation as a residual of various processes that are often poorly constrained 445 
(Mouginot et al., 2014). The results provide a good indication of patterns of basal mass balance, 
but do not yet provide detailed time series 

4.3. Horizontal Interface 

The theories for pure compositional (salinity-driven buoyant) convection break down for the case 
with an approximately horizontal ice-ocean interface i.e. the “roof case”, which is the geometry most 450 
closely representing an ice shelf base and the bottom boundary of sea ice. In the case of a horizontal roof, 
the release of fresh meltwater creates a stably stratified layer next to the interface, with no alongslope 
component of the buoyancy force to drive flow. We expect the ablation rate to depend on the erosion of 
this stably stratified layer by external shear flows, or in quiescent environments, the ablation rate could be 
controlled by double diffusive turbulence (e.g., Kimura et al., 2015). Stable stratification next to the ice 455 
interface may also reduce mixing in the boundary layer, in regimes where the heat transfer across the 
molecular sublayer is driven by shear-controlled turbulence. For horizontal surfaces, we apply the term 
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“buoyancy-controlled” flux regime to describe double-diffusive turbulence generated by destabilising 
buoyancy forces. We however note that the “shear-controlled” regime where turbulence is produced by 
shear, may also be influenced by stabilising buoyancy forces in highly stratified conditions created by 460 
buoyant meltwater release.  

Combining laboratory experiments and DNS, Keitzl, (2015), Keitzl et al., (2016a, 2016b) studied 
a horizontal ice-water interface in experiments with water temperatures from 2.9 to 47.9 °C. In this work 
ice was located on top of a water tank, so the set up simulates ice shelf and sea ice conditions. 
Experiments in a fresh water-fresh ice system (Keitzl et al., 2016a) are influenced by nonlinearity of the 465 
equation of state with no salinity effects. This system showed that stable stratification in the water column 
close to the ice-water interface shielded the interface and diminished the melt rate. In a purely 
convection-driven case, Keitzl (2015) observed that convective motions were not strong enough to 
overcome the diffusive shield. In the system with stable salt stratification Keitzl et al., (2016b), found that 
meltwater production increased the stratification, which increased shielding and diminished the meltrate 470 
in all experiments. Both freshwater and sea water experiments showed that the melt rate can be described 
as a function of the convective Richardson number, defined as a ratio of relative strength of interface 
shielding to convective velocity scale: 𝑤~𝑅𝑖∗!, where n = –0.75 for sea water and n = –0.40 for fresh 
water system (in the sea water system the influence of convective velocity on the meltrate is stronger). 
We can infer that in realistic ice-ocean conditions, a stably stratified diffusive layer is expected to shield 475 
the interface from the turbulent outer layer until the turbulence is so strong that the diffusive layer 
diminishes and no longer has the controlling effect. However, regime classification, as described in 
Sections 2 and 3, has not been applied in these studies.  

An insight into the shear-controlled melting regime comes from the laboratory study by Ramudu 
et al. (2016). In this setup, the phase change is only due to heat transfer from a well-mixed turbulent layer 480 
in direct contact with the interface. Based on the results, the authors suggest an expression for 𝛾!, which 
is significantly higher than that suggested by Jenkins et al. (2010a) and Kader and Yaglom (1972), and 
with a difference that grows as friction velocity increases (see their figure 18). They also apply their 
parameterisation to observations from Pine Island Glacier (Stanton et al., 2013). This comparison 
implicitly assumes that the ice face can be treated as approximately horizontal, rather than sloping. 485 
Observations there predict an ablation rate of 14 m year-1. We interpret the data for Pine Island Glacier as 
currently dissolving, but cannot comment on the turbulent flux regime without more detailed 
oceanographic context. However, using a shear-controlled melting assumption Ramudu et al. (2016) 
obtain a melt rate of 98 m year-1. This provides an upper limit of how large the ablation rate would be if 
the warm waters within the cavity come into direct contact with the ice while experiencing high shear 490 
conditions. 

4.3.1. Sea ice-Ocean Observations 

Near-horizontal ice-ocean interfaces are commonly found under sea ice floes. The base of sea ice 
is usually rough. The additional effects of wind mixing at the air-ocean interface in leads, and extra shear 
from sea ice motion relative to the underlying ocean, suggest that the sea ice-ocean boundary layer is 495 
dominated by the shear-controlled turbulent flux regime. Basal ablation of the sea ice cover can occur as 
soon as the atmospheric cooling weakens in summer, so we hypothesise that sea ice ablation is initially 
characterised by dissolving in the early ablation season. Melting sea ice can be found in cases of rapid 
warm water advection under the existing sea ice cover, such as the transit of warm ocean fronts or sea ice 
moving over a warm mixed layer, storm mixing (Meyer et al., 2017), from the upwelling of warm waters 500 
that brings warm water in contact with sea ice (Steele and Morison, 1993), or from intense absorption of 
solar radiation in the upper ocean. 

There are many observations of sea ice-ocean boundary layers, so we will focus on selected key 
milestones. First, by including stratification effects in an expression from Yaglom and Kader (1974), 
McPhee et al. (1987) demonstrated how the structure of the boundary layer affects the ablation rate based 505 
on observations in the Greenland Sea during a storm in 1984. During the time of observations ocean 
temperatures in the top part of the water column were below 0°C. Thus the ice was dissolving, most 
likely in the shear-controlled regime. The main result of the study is that neglecting the effects of the 
molecular sublayer on heat and salt transfer leads to an overestimation of ablation.  

McPhee (1992) formulated a flux parameterisation proportional to 𝑇! − 𝑇!(𝑆!) , which 510 
approximates the interfacial temperature by the freezing temperature of the far-field fluid when 
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calculating the driving temperature difference. This potentially calls for a new definition of the turbulent 
transfer coefficient, which no longer explicitly describes the integral change of the variable between the 
interface and the ocean measurement. In this case the bulk Stanton number 𝑆𝑡∗ can be approximated as a 
constant for measurements under sea ice (see also Appendix B). Based on observations, McPhee et al. 515 
(1999) suggested that the use of the complex Re-dependent expressions for turbulent transfer coefficients 
derived from Kader and Yaglom (1972) is not warranted. However, their use of 𝑇! 𝑆!  instead of 𝑇! may 
introduce errors in ablation rate of up to 20% (Notz et al. (2003), their Section 4.2). For details on 
differences between coefficient and temperature difference definitions, see Notz et al. (2003, their Section 
3.1) and McPhee (2016, their Sections 5.3.3, 5.3.5). 520 

It is also important to determine the value of the double diffusion ratio 𝑅 = 𝛾!/𝛾! which is 
determined by the relative efficiency of heat and salt transfer (McPhee, 2008; McPhee et al., 2008). This 
value has a range of 35-70 based on boundary layer theories (Notz et al., 2003). From observations of 
false bottoms, Notz et al. (2003) inferred R = 70, while Sirevaag (2009), working under rapidly melting 
multiyear ice pack, measured R = 33. However, Keitzl et al., (2016b) suggested that the double diffusion 525 
ratio based on parameters measured away from the interface is different from that assessed at the 
interface. They found 𝑅 ≈ 83 − 100 at the interface, and using R = 33 leads to an overestimation of 
ablation by 40%. 

The difficulties in obtaining field observations of the ice-ocean boundary layer suggest the 
potential value of future laboratory and DNS studies with a realistic geometric set up with ice on top of 530 
water, and realistic ocean conditions. Studies will benefit from including ocean currents, thus studying the 
interplay between stratification from melt and shear from currents. DNS modelling will allow for direct 
calculations of stability criteria described in Section 3 for all interface orientations. In the context of 
ablation type classification, a set of simultaneous observations from the ocean boundary layer (high-
resolution temperature, salinity, and velocity profiles that together provide an assessment of stratification 535 
and shear) and basal ablation, made in a range of ice-ocean environments (warm and cold, over a range of 
water speeds) is urgently needed. 

4.4. Stratification effects 

The influence of ocean stratification has been studied next to a vertical wall, leading to layered 
outflows. Sloping surfaces will experience similar effects, scaled for slope angles. First, we discuss the 540 
layering effects in the water next to the interface, before focussing on the impact of stratification on 
shear-controlled turbulent flux regimes. 

The stratified ocean environment can guide a meltwater plume to spread horizontally into layers 
of neutral buoyancy or can create double-diffusion driven intrusions. These effects have been shown in a 
series of laboratory studies (Section 4.1), and have been applied to the scale of an ice shelf front (van 545 
Heijst, 1987), observed in the ocean (Jacobs et al., 1981; Ohshima et al., 1994; Stephenson et al., 2011), 
and modelled in an ocean model with glacier termini (e.g., Carroll et al., 2017; Rignot et al., 2016; 
Sundfjord et al., 2017; Xu et al., 2012, 2013) and on smaller scales (e.g., Ezhova et al., 2017, 2018). 
Recently, McConnochie and Kerr, (2016) and Gayen et al. (2016a) used laboratory studies and 
complementary DNS modelling to focus on the effect of a salinity gradient on the ablation rate. 550 
McConnochie and Kerr, (2016) provided a stratification parameter that identifies when stratification starts 
to affect the flow: a strongly stratified fluid reduces the interface temperature, plume velocity, and, 
therefore the ablation rate. 

The effects of stratification have also been studied in relation to the boundary layer structure at a 
horizontal interface. In general, stratified boundary layers lead to shorter mixing lengths, shallower 555 
velocity boundary layers, and less mixing in the boundary layer (e.g., Turner, 1973; Mahrt, 2014; 
Malyarenko, 2019). Following on from Martin and Kauffman (1977) for the case of high water 
temperatures and low ocean velocities, Josberger (1983) predicted the formation of a two-layer system. 
Steele and Morison (1993) observed that increased local ablation led to increased stratification, shutting 
off further entrainment of warm waters into the boundary layer. Recent observations of Randelhoff et al. 560 
(2014) and Peterson et al. (2017) showed that a shear-controlled formulation and bulk heat transfer 
coefficient overestimated the heat flux under sea ice in those summer periods where significant 
stratification is observed under sea ice. Such stratification reduces turbulent fluxes below values predicted 
by a shear-controlled flux parameterisation that does not account for stratification. Thus a single set of 
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bulk values for 𝛾 is not applicable to sea ice modelling in all seasons and there is a need for flexible 565 
parameterizations. 

Extreme stratification has also been observed in the coastal areas next to a river mouth 
(Shirasawa and Ingram, 1991a, 1991b). In the Beaufort Sea in early spring the surface ocean layer 
consists of a 2 m thick layer of fresh run-off water with temperatures above 0°C, while ocean velocities 
slowly vary in time (Weingartner et al., 2017). In general, on a large scale in the Arctic Ocean recent 570 
ablation of sea ice has increased the upper ocean stratification, further limiting mixing within the 
boundary layer (McPhee et al., 2009). However, due to a greater area of open water and a thinner more 
deformable ice cover, the competing effect of wind-driven shear has also increased. The interplay 
between these effects is complex (e.g. Davis et al., 2016). 

In ice shelf cavities, observations of stratification are very limited and diverse. For the Ronne Ice 575 
Shelf cavity, Jenkins et al. (2010a) reported ocean temperature in the upper 25 m of the water column, 
which reflected much variability and a complex boundary layer structure. Kimura et al. (2015) 
demonstrated that double diffusive staircases developed in the absence of shear, with a much smaller 
observed ablation rate than the ablation rate generated by shear-controlled flux parameterisations. For the 
Pine Island Ice Shelf cavity, Stanton et al. (2013) reported low ocean velocities (0.1 m s−1) and 580 
stratification within a meter of the interface, leading Dutrieux et al. (2014) to suggest that stratification in 
the ice-ocean boundary layer limits the heat flux to the interface on basal terraces. Additionally, Kimura 
et al. (2016) suggested that friction velocity estimates may be affected by boundary layer stratification. 
Begeman et al. (2018) found a stratified water column in the grounding zone of the Ross Ice Shelf. Water 
column observations showed double diffusive convection and low ablation rates, and tidal currents were 585 
not able to homogenise stratification between an upper layer (within 1m from the interface) and the mixed 
layer (3-6.5m from the interface). 

It is not clear whether the molecular sublayer thickness is dependent on ocean stratification in the 
boundary layer. Currently the only way to include the effects of stratification is to explicitly account for 
any impact of stratification on turbulence in the boundary layer in ablation parameterisations, based on 590 
information from the whole boundary layer. To fully include the impact of stratification on ablation it 
may be necessary to account for the new (reduced) thickness of the boundary layer, and the inclusion of 
the Monin-Obukhov scale to reproduce the shape of the velocity profile (see for example McPhee, 2008; 
McPhee et al., 2019). In Large Eddy Simulations, the Monin-Obukhov scale has been successfully used 
to show how stratification reduces the predicted ablation rates in strongly stratified cases (Vreugdenhil 595 
and Taylor, 2019). On the scale of the boundary layer models, Jenkins (2016) showed effects of 
stratification on the current structure beneath the ice shelf base. In cases of gentle slopes, a buoyant 
Ekman flow can be found with along-slope advection, which maintains the stratification in the boundary 
layer.  

In a complex geophysical set up with any slope direction, the shear in the boundary layer will 600 
depend on the net speed, accounting for the sum of different contributions from both turbulence created 
by ablation (buoyant rising plume), and from external turbulence (tidal mixing, currents). 

4.5. Roughness Effects 

Roughness effects on turbulent fluxes have been studied in theoretical works on shear flow (e.g., 
Jimenez, 2004) and heat transfer in Rayleigh-Benard convection (c.f. Toppaladoddi et al., 2017; Zhu et 605 
al., 2017, and studies therein). The relationship between roughness and turbulence has been studied under 
sea ice in observations and models (McPhee, 2008; Tsamados et al., 2014). The roughness of an ice shelf 
base has been indirectly observed through estimates of the friction velocity (Stanton et al., 2013) and 
directly with echosounders (Nicholls et al., 2006). A series of works for heat fluxes in fully turbulent 
flows over surfaces with varying roughness were conducted by Kader and Yaglom, based on the theory 610 
development by Monin and Yaglom (Kader and Yaglom, 1972, 1977; Monin and Yaglom, 1971; Yaglom 
and Kader, 1974; for details see Appendix B). 

Despite these efforts, the range of possible under-ice roughness values remains unconstrained. 
Possible effects of multi-scale roughness on the boundary layer structure, and therefore on the ablation 
rate, have been explored via variation of the drag coefficient in modelling on the whole ice shelf scale 615 
(Gwyther et al., 2015). However, interactions and feedbacks between ablation and roughness are likely to 
exist at a range of scales (Robinson et al., 2017). At the large scale, roughness may be generated by 
features such as ridges and keels under sea ice and by ice shelf crevasses, each of which can influence the 
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regime under which ablation occurs. At the small scale, the rate of ablation itself is likely to both affect, 
and be affected by, the local small-scale roughness. This critical interaction between boundary layer 620 
structure and roughness has wider implications, such as influencing tidal energy sinks (Padman et al., 
2018). 

5. Ablation Parameterisations in Modelling Applications 

A combination of thermal and turbulent flux regimes creates a spectrum of ablation types: 
buoyancy-controlled dissolving, shear-controlled dissolving, buoyancy-controlled melting, and shear-625 
controlled melting. In this section we aim to classify existing studies by ablation type, where possible. We 
examine studies that provide a formulation for the thermodynamic balance at the ice-water interface that 
determines the rate of ablation. We do not aim to provide a comprehensive list of all work, but to provide 
representative examples of ablation types. Based on the discussions of Section 4, we define criteria for 
large-scale investigations that do not resolve the molecular sublayer structure. The criterion for turbulent 630 
flux regimes is the inclusion of water velocity in the turbulent transfer coefficient (also described briefly 
in Magorrian and Wells, 2016). None of the current parameterisations explicitly distinguish regimes of 
dissolution and melting. Many use the 3-equation formulation with similar treatments of salt and heat 
fluxes but γ! ≪ γ!, which should faithfully recreate a dissolving limit. This should also have the potential 
to transition to a melting-like limit if the thermal driving is very large (Wells, 2008), although the 635 
transition to melting is poorly constrained. It is also not clear whether such turbulent flux laws are 
accurate in a melting regime, as they do not explicitly account for the dynamics of the fresh, buoyant melt 
layer in the molecular sublayer at the ice-ocean interface, seen during melting regimes (as discussed in 
Section 2). Existing parameterisations of thermodynamic balance next to the interface in ice-ocean 
models can be grouped by the underlying assumptions made in the respective parent studies or 640 
observations that were used for fitting coefficients (Figure 4). 

5.1. Models of the Boundary Layer: Plume and Mixed Layer Models 

Plume models are an efficient way to study the ablation of ice. By definition, plume models 
traditionally use mean values of the plume variables and so do not directly allow the study of details of 
the boundary layer structure, such as stratification effects within the boundary layer. For ice shelves, 645 
plume models are based upon the work of MacAyeal, Jenkins and others (e.g. MacAyeal, 1985; Jenkins, 
1991, 2011; Jenkins and Bombosch, 1995; Lane-Serff, 1995). The theory does not apply everywhere (see 
also Section 4.2 for a discussion of sloping plumes). The effects of rotation and topography were later 
incorporated in two-dimensional plume modelling (Holland et al., 2007; Holland and Feltham, 2006; 
Payne et al., 2007; Wilchinsky et al., 2007). All of these models employ the same thermodynamic balance 650 
parameterisation from Jenkins (1991), appropriate to shear-controlled ablation (ocean velocity included in 
the turbulent transfer coefficient). Lazeroms et al. (2018) analysed solutions of a plume model to derive a 
parameterisation of the basal ablation for ice shelves in 2-D, including variation of the freezing 
temperature with depth. Pelle et al. (2019) included the plume parameterisation in the PICO model and 
showed an improvement in the calculation of ablation next to grounding lines. 655 

Plume models have also been applied to submarine ablation of tidewater glaciers. Slater et al. 
(2016) used a buoyant plume model to show that a single ablation rate scaling is not uniformly applicable 
to all glaciers, and that the introduction of fjord stratification, for example, leads to higher dependence of 
ablation rate on discharge. Cowton et al. (2015) demonstrated another way to use a plume model by 
applying a plume model as a subgrid parameterisation next to an ice face in a fjord. This allowed for a 660 
pragmatic use of coarse spatial and temporal resolution. Magorrian and Wells (2016) used a plume model 
to derive a parameterisation for ablation of tidewater glaciers in a stratified ocean, relevant to cases where 
the plume is not strongly influenced by subglacial discharge. The results show layered outflows. Jackson 
et al. (2017) and Beckmann et al. (2018) showed that the application of wider line plume models is more 
appropriate than buoyant cone models for the simulation of Greenland glaciers. All of these derived 665 
parameterisations are implicitly assuming shear-controlled turbulent fluxes (except for the alternative 
model in the Supplementary Information of Magorrian and Wells, 2016). This is probably acceptable for 
high plume speeds but becomes more questionable as plume speeds drop below a few centimetres per 
second.  

Another way of simplifying an ocean model, but still forcing the ice-ocean interface with 670 
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different fluxes, is to use a mixed layer model. As with plume models, the ocean boundary layer is 
assumed well mixed. This is a computationally inexpensive way to create a more realistic map. For 
example, Scheduikat and Olbers (1990) applied this concept to the Ross Ice Shelf, representing the ocean 
cavity as a two-layer or three-layer system. Fluxes between ice and a mixed layer model can be treated 
explicitly as is done in coupled ice-ocean models (see Petty et al., 2013 and derivatives thereof), or they 675 
can be simplified in an ice shelf cavity model (Little et al., 2009). 

5.2. Ocean Modelling 

5.2.1. Ice Shelf-Ocean Models 

The general approaches for ice shelf-ocean models were recently reviewed by Dinniman et al. 
(2016). Here we focus on different approaches to the thermodynamic balance formulation and how they 680 
relate to the ablation types. 

The majority of the models use the “3-equation balance”, as described in Hellmer and Olbers 
(1989) and Holland and Jenkins (1999) with flux formulations from Jenkins et al. (2001), while some 
studies simplify the balance by neglecting the heat flux conducted into the ice (e.g., Reese et al., 2018). 
The use of velocity-dependent turbulent transfer coefficients is common, and with it researchers face the 685 
problem of tuning the drag coefficient (Dansereau et al., 2014; Gwyther et al., 2015; Jenkins et al., 2010b; 
Jourdain et al., 2017) and defining the “mixed layer velocity” value in settings where model resolution 
may partially resolve the boundary layer (Dansereau et al., 2014; Gwyther et al., 2015). Similar to Slater 
et al. (2015), Gwyther et al. (2016) impose a low-circulation limit 𝑢∗!"#=2 ×10−5 ms−1. This friction 
velocity value scales the resulting transfer coefficient value to be close to molecular thermal diffusion, 690 
assuming that the flow becomes laminar. A brief summary of the representation of processes in different 
models can be also found in Asay-Davis et al. (2017), and for a brief summary of 𝛾 and the effect of 
freezing point definitions see Mueller (2014, Chapter 2). 

Dansereau et al. (2014) studied the effects of velocity-dependent and velocity-independent 
transfer coefficients in an idealised cavity shape and for the Pine Island Ice Shelf. They also provide an 695 
excellent overview of existing ice shelf models including whether turbulent transport coefficients of 
Hellmer and Olbers (1989) or Holland and Jenkins (1999) are used. While Hellmer and Olbers (1989) use 
a transfer coefficient that is independent of ocean velocity, their transfer coefficient can be reconciled 
with a shear-controlled parameterisation with an assumed, representative, constant flow speed  
(Timmermann et al., 2002). However, this treatment does not account for the dependency of ablation rate 700 
on reduced gravity that is expected in the buoyancy-controlled regime. The results of Dansereau et al. 
(2014) and Naughten et al. (2018b) show that even within shear-controlled turbulent flux regimes, 
ablation rate patterns vary and uncertainties remain. 

Nakayama et al. (2017) created a regional optimization study and tuned heat transfer coefficient 
values for thirteen ice shelves separately in order to bring them closer to observation-based estimates 705 
from Rignot et al. (2013). They used a parameterisation in the form of Hellmer and Olbers (1989) and a 
constant double diffusion ratio yielding heat transfer coefficients ranging from 0.0786×10−4 to 15.2×10−4 
ms−1 (for comparison, Hellmer and Olbers (1989) suggested value is 1×10−4 ms−1). Clearly some of the 
higher values reflect additional mixing by ocean currents, while lower values might result from effects of 
stratification next to the interface. Whilst this inverse approach provides a valuable context on processes 710 
driving melt in contemporary conditions, it is not clear how these coefficients reflect the underlying 
physics and if they will respond appropriately to changing ocean conditions in the future.  

The response of ice shelf ablation to higher ocean temperatures has been a key question over the 
last decades. Holland et al. (2008) showed that an ocean circulation model using a shear-controlled 
parameterisation suggested a quadratic evolution of ablation with increasing ocean temperatures, because 715 
the geostrophic ocean currents are proportional to temperature differences. This result was later used as a 
simplified boundary condition in ice sheet studies (to be discussed in the Section 5.3). In this case the 
heat flux parameterisation used is proportional to velocity in the mixed layer (corresponding to a shear-
controlled regime, rather than buoyancy-controlled), even though the ocean flow in the interior and mixed 
layer is driven by the buoyancy of the meltwater. The prediction that ablation rates grow nonlinearly with 720 
ocean warming is only valid at low tidal velocities (Holland et al., 2008). We note that Figure 1 of 
Holland et al. (2008) shows how different the existing predictions are depending on the type of study 
(observations, availability of ocean data close to ice shelf grounding line, ablation rate parameterisation 
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used, type of model used). We would further suggest that, at higher temperatures, such as 𝑇! = +2℃, 
using a dissolving parameterisation may lead to underestimation of the ablation, as the system is likely to 725 
be in transitional state between melting and dissolving (See Section 2 for details). Further, Little et al. 
(2009) showed that heat flux towards the interface has a complex relationship with ice shelf morphology 
and ocean temperatures: not all of the heat available in the mixed layer is spent locally on ablation, and 
the efficiency of heat flux transfer decreases with increasing ocean temperatures, thus diverging from the 
quadratic scaling. 730 

5.2.2. Sea Ice-Ocean Models 

Models of sea ice-ocean interactions also include a parameterisation of the boundary layer fluxes. 
For recent reviews on sea ice modelling see Notz (2012) and Notz and Bitz (2016). Here we note that in 
the state of the art coupled models, such as those coupled to CICE (e.g., Tsamados et al., 2015) and LIM 
(Vancoppenolle et al., 2009), the heat flux to the sea ice is described with the heat potential formulated in 735 
a similar manner to McPhee et al. (2008). Recent advances in sea ice models include a new 
thermodynamic ice scheme to account for mushy layer thermodynamics (Hunke et al., 2015; Turner and 
Hunke, 2015). As noted in Feltham and Worster (2000), mushy layer ablation usually occurs by 
dissolution. Thus we can classify sea ice-ocean models as shear-controlled dissolving but concede that, 
while we expect this to be the most common type of sea ice ablation, other ablation types are not 740 
described by this parameterisation. 

5.2.3. Icebergs, ice shelf termini and other applications 

The “wall case” solution can be applied to ablation of glacier and ice shelf termini, iceberg sides, 
and sides of individual sea ice floes. The MITgcm ocean model has been modified (e.g., Sciascia et al., 
2013; Xu et al., 2012, 2013) to describe tidewater glacier ablation. These studies showed that ablation 745 
rates are sensitive to subglacial water outflow, using velocity-dependent parameterisations for ablation 
rate. Sciascia et al. (2013) included a dependence on the horizontal velocity, which, in theory, allows for 
tidal pumping and thereby increased ablation rates if tides are included in the models. For winter 
conditions, this approach yielded a double cell circulation with detachment of the plume at intermediate 
depths, analogous to observations in stratified ocean conditions (Jacobs et al., 1981; Stephenson et al., 750 
2011; Straneo and Cenedese, 2015). 

The local velocity in the boundary layer is important for parameterising shear-controlled 
turbulent fluxes and may be affected by different approaches in large-scale models. External velocity 
sources, such as tidal currents, most likely increase entrainment of ambient waters into the rising plume, 
thus changing the plume’s buoyancy and velocity. We suggest that one role of velocity is as a measure of 755 
turbulence in the boundary layer, so defining flow speed from vertical and horizontal components, 
𝑈 = 𝑊! + 𝑈!, rather than just one component may account for all possible mixing in the system, as in 
Sciascia et al. (2013) and FitzMaurice et al. (2017). The modified approach of Slater et al. (2015), who 
suggested 𝑈 = 𝑚𝑎𝑥 ( 𝑊! + 𝑈!, 𝑢∗!"#) which imposed a minimum velocity 𝑢∗!"# = 0.04 ms-1, is aimed 
at representing “delicate plumes” not resolved with a model resolution of 5 m. While this may be a first 760 
order fix to represent the two turbulent flux regimes, we note that 𝑢∗!"# is within the transition range 
0.03−0.05 ms-1 between buoyancy-controlled and shear-controlled regimes described by McConnochie 
and Kerr (2017). It is not clear if simply assigning the lower value for 𝑢∗!"# will result in an ablation rate 
value comparable to that calculated by the buoyancy-controlled regime parameterisation. Replacing the 
value of 𝑢∗!"# with the velocity scale appropriate for buoyancy-controlled convection (c.f. Kerr and 765 
McConnochie, 2015) is a possible solution for accounting for such background melt, which may be in the 
buoyancy-controlled regime. 

Modelling of icebergs presents an opportunity to test different ablation parameterisations, such as 
in Stern et al. (2017). Their model employs a velocity-dependent parameterisation for basal ablation. For 
larger icebergs, basal ablation is described using the parameterisation of Holland and Jenkins (1999), 770 
following the approach of previous studies (i.e. Rackow et al., 2017; Silva et al., 2006). But for smaller 
ice elements the velocity dependence is decreased from U1 for a typical ice-ocean parameterisation (e.g. 
Holland and Jenkins, 1999) to U0.8 for basal ablation rate (following a theory of a fully turbulent flow past 
a finite length plate, e.g. Martin and Adcroft, 2010). For the sides of icebergs, a buoyant convection 
ablation rate parameterisation is included (an empirical fit to observations, which is only a function of 775 
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temperature difference). 
A similar approach has been tested by FitzMaurice et al. (2017) in a laboratory study. They 

showed that iceberg sides ablate differently when the buoyant plume is attached to the iceberg surface 
(lower relative speed between the iceberg and the water) compared to when the plume is detached (higher 
relative speed). The transition happens when the background ocean flow speed exceeds the plume speed, 780 
and the resulting formula for side ablation combines the effects of basal and buoyant ablation. 
FitzMaurice et al. (2016) and FitzMaurice and Stern (2018) show differences in approaches to modelling 
icebergs using the 3-equation parameterisation versus the earlier bulk parameterisations, and emphasise 
the importance of using temperature and velocity data at depth to force the basal ablation of icebergs (and 
not ambient ocean surface values). 785 

5.3. Simple parameterisations of ablation in ice sheet and glacier modelling 

For ice sheet modelling, it is desirable to have efficient parameterisations that can characterise ice 
ablation without having to resolve the 3-dimensional ocean dynamics, which generally evolve on a faster 
timescale than the ice sheet. Thus the thermodynamic balance in the form of the 3-equation model is often 
not included. A common feature of many studies is to use parameterisations based solely on the 790 
temperature difference between the ice and the ocean (“temperature forcing”), or depending on the ice 
shelf draft, or with fixed ablation rates imposed. 

The parameterisations are often based on a set of observations away from the interface, a small 
subset of observations close to the interface, or modelling results at a different scale. The 
parameterisations encompass whatever conditions were used when diagnosing the parameterisation, and 795 
thus inherit the relevant ablation types. The observations have not always been made close to the 
interface, so the fitted parameterisations also inherit any biases occurring due to variation of conditions 
between the measurement depth and the ice base. For other recent reviews on ice sheets, we recommend 
Fyke et al. (2018; their Appendix A lists the relevant papers); Pattyn et al. (2017) provide a review of ice 
sheet modelling results; Asay-Davis et al. (2017) and Goelzer et al. (2017) summarise methodologies of 800 
marine ice sheet modelling; Truffer and Motyka (2016) review on glacier ablation caused by the oceans; 
and Straneo and Cenedese (2015) review observations and modelling of Greenland fjords. 

Complex models on smaller scales are often used to produce simple parameterisations that can be 
used later in large-scale studies. Thus these larger-scale models are highly dependent on the ablation 
treatment in the original small-scale detailed studies. Examples of creating simple parameterisations that 805 
rely on temperature and subglacier discharge include Xu et al. (2013), which is later used in Rignot et al. 
(2016), and the quadratic parameterisation of Holland et al. (2008) used in DeConto and Pollard (2016). 
Both simple parameterisations represent shear-controlled ablation, despite including different power-law 
relationships, because both are based on Holland and Jenkins (1999). Using simple parameterisations may 
lead to contrasting biases in the buoyancy-controlled regime (low ocean currents), and in areas with 810 
strong tidal flow, unless the parameterisation is directly calibrated to account for this effect.  

Temperature-forced basal ablation rates, such as in Martin et al. (2011) and Pollard and Deconto 
(2012) overestimate present day ablation rates when using 𝛾! tuned to 3-equation parameterisations, and 
so a scaling parameter is introduced that decreases ablation rate (and acts in place of the limiting role of 
salt-diffusion). De Rydt and Gudmundsson (2016) showed that such simple ablation parameterizations 815 
can overestimate the ablation rate by over 40% compared with coupled modelling using a 3-equation 
parameterization. 

The inconsistencies and absence of consensus in cryospheric modelling approaches is a problem 
of societal relevance, because projections of sea level rise are sensitive to predicted ice sheet ablation 
rates. Based on present knowledge of ablation types, ice sheet modelling without realistic representation 820 
of the ice-ocean interface and ocean boundary layer can lead to large uncertainties. Coupled ice sheet-
ocean models are urgently required. Insights might also be gained from incorporating localised high 
spatial resolution focused on the ocean boundary layer. In this case models would be able to create more 
suitable, flexible parameterisations that are able to change with the ocean environment. 

5.4. Ablation parameterisation synthesis 825 

In this section we have sought to classify studies by ablation type. Sea ice, ice shelves and 
Greenland tidewater glaciers are surrounded by different ocean conditions and in Figure 5 we tentatively 
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sketch possible ablation types for each of these systems. This figure represents a schematic approximation 
of ablation types experienced by different regions. Current scaling laws make no direct distinction 
between boundary layer dynamics for melting and dissolving. As temperature measurements of ocean 830 
conditions are much more common than turbulence observations, we may consider the location on the 
abscissa of Figure 5 as more robust. However, the transition point between melting and dissolving is 
presently poorly constrained, and Figure 5 presents our best approximation for the location of this 
transition. Along the turbulence scale, our classification is binary: in some cases fluxes can be positively 
identified as either shear-controlled or buoyancy-controlled. For most glaciers and ice shelves we assume 835 
that both turbulent flux regimes exist. Despite all of these limitations, we provide an overview of which 
ablation types are well studied and observed. 

6. Ablation types under ice shelf bases: application to observations 

As has been described in Sections 2 and 3, details that determine the ablation type are confined to 
sublayers close to the ice-water interface. Unfortunately it is very difficult to make observations at this 840 
scale in a geophysical set up. However, we can use existing time series of ocean observations below the 
ice to force the parameterisations and compare to observed ablation rates. Whilst this requires making 
several simplifying assumptions, it provides an initial step towards evaluating the ablation type theory 
using real observations and revealing dynamical insight into the changing regimes. 

In this section we compare two observational data sets (from the Ross Ice Shelf and from the 845 
Ronne Ice Shelf cavities) and attempt to calculate the value of 𝑅𝑒!, as described in Eq. (5) of Section 3, 
that could be applicable for the ice shelf cavity environment. The observations were chosen as they are 
the only long-term moorings that include all four observations necessary: temperature, salinity, velocity 
and ablation rate. 

6.1. The Ross Ice Shelf cavity observations 850 

The Coulman High oceanographic mooring was located to the east of Ross Island about 7 km 
south of the ice shelf front (171°E, 77°S) and deployed from 2011 to 2015 (Arzeno et al., 2014; Stewart 
et al., 2019). The top set of instruments had a CTD-logger, a Seabird Electronics SBE 37-IM MicroCAT, 
at 226 meters below sea level (mbsl) or about 5.5 m below the base of the ice shelf. Next, a current meter, 
Nortek Aquadopp IM6000 was located at 228 mbsl or at 7.5 m below the base of the ice shelf. The 855 
current meter measured velocities and temperature. The latter was calibrated against the more accurate 
MicroCAT record during well-mixed periods in winter when both instruments were in the same layer. For 
a full description of the deployment see Stewart (2017). 

The ablation rate was calculated by Stewart (2017) from an Upward Looking Sounder (Tritech 
PA-500 acoustic altimeter), located at 232 mbsl or 12.5 m below the base of the ice shelf. After post-860 
processing, Stewart (2017) was able to confidently produce a long-term trend and low-frequency 
variability of the ablation record. 

6.2. The Ronne Ice Shelf cavity observations 

The Site 5c mooring was located at S 80°14’.22, W 54°42’.51, 18 km west of the coast of 
Berkner Island, and some 300 km from the nearest ice front. At that site the ice was 740 m thick, and the 865 
instruments nearest the base of the ice shelf were 24 m from the ice-ocean interface at the time of 
deployment (January 2015). That cluster of instruments consisted of an Aquadopp 3000 m "Deep Water" 
current meter, a Seabird Electronics SBE 37 Microcat and an RBR Duo, recording conductivity and 
temperature. Here we use year-long records of water speed, temperature and salinity from the data 
provided by the Aquadopp and Microcat. Also deployed at this site was an autonomous phase-sensitive 870 
radio echosounder (ApRES) (Nicholls et al., 2015), which yielded a contemporaneous record of basal 
ablation. In this study, we use low-pass filtered versions of the time series of melt rates and ocean 
conditions, with a cut-off of 48 hours. 

6.3. Calculating sublayer Reynolds number 𝑹𝒆𝜹 

In order to calculate local 𝑅𝑒! =
!"
!

 according to Eq. (5) and the definitions provided in Wells 875 
and Worster (2008), two parameters are needed. Wells and Worster (2008) defined the molecular 
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sublayer thickness as the distance 𝛿 where the turbulent heat flux exceeds 10% of the mean conductive 
heat flux (Wells and Worster, 2008, formula 6.34). We cannot calculate this value directly. Instead, we 
estimate 𝛿~ℎ! , using the compositional boundary layer thickness ℎ! from Kerr and McConnochie (2015). 
ℎ! is easily calculated from the observations (i.e. calculation of interface values from formulae 4.1 and 880 
4.2 of Kerr and McConnochie (2015), then using their formula 2.15). For a direct comparison to Wells 
and Worster (2008), the value of 𝑅𝑒!  should be proportionally scaled (in a similar way to formulae (6.37, 
6.43) of Wells and Worster, 2008), to reflect the ratio of the sublayer thicknesses. Determining the ratio 
of ℎ! to 𝛿 is not currently possible, but they should differ only by a factor of order one. 

Second, the mean velocity 𝑈 parallel to the boundary (called 𝑊 in Wells and Worster, 2008), was 885 
used as a substitute value for the velocity 𝑈!  at the boundary of the sublayer thickness. We cannot 
reliably predict the velocity value at the sublayer boundary edge as we cannot predict 𝛿 or ℎ!. If there is 
also an ambient velocity in the ocean cavity as well as a buoyancy-driven boundary layer flow, it is 
possible there could be distinct velocity scales, so that the measured horizontal velocity of the boundary 
layer (𝑈 ) might not be representative of 𝑈!  (the substitution 𝑊~𝑊!  was made based on scaling 890 
arguments in the absence of ambient flow in Wells and Worster, 2008). 

Next, the effects of stratification and position of the instrument need to be discussed. We denote 
the velocity value measured by the instrument as 𝑈!. In neutrally stratified conditions with tidally driven 
flow, most of the change of the velocity is expected to occur close to the interface, and so we assume the 
value in the middle of the boundary layer is close to the value at the edge of the boundary layer. However, 895 
in highly stratified conditions, the change in the boundary layer may be more gradual, or some step 
changes may appear. We cannot quantify these effects with certainty, without a full time series of vertical 
velocity profiles, which is not available. Instead, we use the value that is measured by instruments away 
from the interface (𝑈~𝑈!) and discuss possible errors arising from changing stratification.  

Two CTD casts are available from the Ross Ice Shelf mooring, representing low-ablation and 900 
high-ablation conditions (Fig. 6a and c). Based on them, we can interpret the depth of the mixed layer ≈ 
10 m in summer and ≈ 30 m in winter during the period of observation. The site experiences a seasonal 
signal in the record next to the ice shelf base (Fig. 7) related to inflow of Antarctic Surface Water 
(AASW) into the cavity. The ADCP located 7.5-14.5 m away from the interface (the distance increasing 
over 5 years as the interface moved up due to ice ablation) is likely to be outside of the boundary layer in 905 
summer for at least part of the time series, and in the boundary layer in winter. Hence, in summer 
conditions we expect that 𝑈! probably overestimates the mean velocity 𝑈, and in winter conditions 𝑈! is 
likely to be close to 𝑈. Thus, summer Re values are overestimated, and winter Re values are close to those 
calculated with 𝑈. 

A CTD cast is available from the mooring under the Ronne Ice Shelf, shown as the mean of 910 
several casts taken within a few-hour period (Fig. 6b and d). The cast shows a well-mixed layer 20m 
thick, while the instruments are located about 24 m away from the interface. This site experiences no 
clear seasonality in the measured ocean conditions (Fig. 8a), so we expect that the cast is representative of 
the whole year of observations. The instrument is likely to be just outside the boundary layer and 
stratification in the boundary layer is small. Thus 𝑈! is likely to be close to the value at the edge of the 915 
boundary layer. Nonetheless the value of 𝑈! may not be entirely representative of 𝑈. 

6.4. Available ablation rate parameterisations 

With both datasets, it is possible to use ocean observations to predict ablation rate, as formulated 
by various parameterisations, and compare it with the measured ablation rate. As was discussed in 
Sections 4.3.1 and 5.2, many of the parameterisations have similar dynamical forms, and so we only 920 
choose 5 formulations that are significantly different from each other (see Table 1 for finer details of the 
parameterisations chosen). 

First, we hypothesize that the effects of compositional buoyancy, as discussed in Section 4.4, may 
be affecting the ice shelf observations. Kerr and McConnochie (2015, KM 2015 for convenience) is the 
only formulation of buoyancy-controlled ablation that we are aware of. While the base of an ice shelf is 925 
nearly horizontal, and hence a “buoyancy-driven” parameterisation developed for a wall is not necessarily 
applicable, we follow KM 2015 and trial its applicability here to understand the role of buoyancy-
controlled ablation. Curiously, Kerr and McConnochie (2015) found that their scaling law for a vertical 
wall provided reasonable predictions of the magnitude of ice shelf and iceberg ablation, despite the 
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discrepancy in slope. A possible interpretation is that significant boundary roughness may be providing 930 
small-scale steep sloping surfaces that would facilitate buoyancy-driven flow. The video record from the 
Ross Ice Shelf mooring showed no frazil attached to ice shelf base (Rack et al., 2012), and we do not 
expect that the Ronne Ice Shelf mooring has a frazil layer attached to the ice shelf base either. A large-
scale slope approximation is available for the Ross Ice Shelf mooring (Stewart, 2017), but the slope of 
0.22° does not support direct application of McConnochie and Kerr (2018) either.  935 

For the second parameterisation, we choose Hellmer and Olbers (1989, abbreviated as HO 1989), 
who assume a constant velocity of 0.15 ms-1, which is slightly larger than the mean observed velocity in 
both datasets (0.12 ms-1 for the Ross Ice Shelf and 0.09 ms-1 for the Ronne Ice Shelf). Third, we select 
Notz et al. (2003, abbreviated as N 2003) as the synthesis of observations under sea ice. We note that the 
ratio of double diffusion (R) is not settled. We use R = 70, as recommended in Notz et al. (2003), which is 940 
a value in the middle of the possible interval (see Section 4.3.1). Next, we choose Holland and Jenkins 
(1999, abbreviated as HJ 1999) as the most commonly used ice shelf-ocean parameterisation, using 
simplifications for the stability parameter from McPhee et al., (1987) as described in Holland and Jenkins 
(1999). Finally, Jenkins et al. (2010a, abbreviated as J 2010) is selected because this expression is tuned 
to ice shelf-ocean observations. 945 

Owing to different methods and temporal resolution used in the ablation rate measurement, Ross 
and Ronne records were smoothed differently from each other. The Ross Ice Shelf mooring ablation rate 
predictions, temperature and current records are smoothed with a 30-day running mean (Fig.7a and b). 
For Re values, we provide 30-day and 3-day running means (Fig. 7d). The Ronne Ice Shelf mooring 
ablation rate predictions, observed temperature, current and ablation records and Re values are smoothed 950 
with a 3-day running mean (Fig. 8).  

The ablation parameterisations could potentially be tuned to observed ablation rates. J 2010 
slightly overestimates ablation rates when applied to a different location in the same cavity (Figure 8b), 
and significantly overestimates ablation rates in the Ross Ice Shelf mooring, especially in warmer periods 
(Figure 7b). Tuning J 2010 to the Ross Ice Shelf mooring has been accomplished by Stewart (2017) for a 955 
short-term deployment of ApRES in 2014. The RMS error was successfully reduced during “well-mixed” 
periods in winter (temperature observations 15 and 20 m away from the interface are within 0.05°C of 
each other). The tuned parameterisation produces ablation rates values close to HJ 1999 (mean difference 
is 0.05 m year-1). Differences between locations can potentially be interpreted as boundary roughness 
changes (e.g., Stewart, 2017). The seasonal overestimation of parameterisations indicates changes in the 960 
ocean boundary layer affecting the ablation rate parameterisations.  

We hypothesise that the seasonal signal in the Ross Ice Shelf mooring is related to a shift in 
turbulent flux regimes. Following the description in Section 5, we choose one velocity-dependent 
parameterisation as shear-controlled, and one velocity-independent parameterisation as buoyancy-
controlled.  965 

If R is kept constant, all velocity-dependent parameterisations are scaled versions of one another, 
and all describe the same ablation type. Based on Figure 4, we suggest that the velocity-dependent 
parameterisation (HJ 1999) we are using already include some effects of stratification, keeping in mind 
that the stratification effects were tuned to observations made during a storm under sea ice, i.e. still 
describing shear-controlled dissolving (McPhee et al., 1987). Thus, choosing any particular velocity-970 
dependent parameterisation will not be representative of different boundary layer processes, even though 
they would appear to scale. We retain HJ 1999 parameterisation without changes as it has been 
commonly used in many studies and is representative of shear-controlled dissolving. 

We choose to incorporate KM 2015 parameterisation as a high estimate of ablation in a 
buoyancy-controlled regime, assuming that small-scale roughness is sufficient to generate local regions of 975 
steep slope. Accounting for small-scale roughness would lower the predicted ablation rates by (sin𝜑)!/! 
versus the prediction for a vertical wall with sin𝜑 = 1 (i.e. for 𝜑 > 60° the scaling coefficients is >0.9).  

Using the parameterisations of HJ 1999 and KM 2015, we suggest that the turbulent flux regime 
switches from shear-controlled to buoyancy-controlled, when the observed ablation rate is closer to the 
prediction of one parameterisation or the other. Using the coefficient 𝑟 = 𝑤!"# − 𝑤!"!"#$ − 𝑤!"# −980 
𝑤!"!!  m year-1 we suggest that r > 0 m year-1 might be interpreted as closer to shear-controlled 
dissolving, and r < 0 m year-1 is buoyancy-controlled (subject to a potentially prohibitive assumption 
about the slope of roughness on the ice shelf boundary discussed above). Such values of r < 0 m year-1 
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could alternatively be simply indicative of a poor quality of fit to the HJ 1999 parameterisation for a 
shear-controlled boundary layer, perhaps as a result of neglecting the impact of a strong stratification. We 985 
will describe these cases as buoyancy-controlled below, but these caveats and alternative interpretations 
should be borne in mind  The Ross Ice Shelf r values are plotted using the observed ablation rate and a 
30-day running mean of the predicted rate (Fig. 7c). The Ronne Ice Shelf r values are plotted using a 3-
day running mean of both observed and predicted ablation rates (Fig. 8c).  

6.5. Implications for the ice shelf ablation parameterisation 990 

First, based on the boundary layer structure and the coefficient r we suggest that for most of the 
year the Ronne Ice Shelf mooring site was under a regime of shear-controlled dissolving (r > 0 m year-1 
in Fig. 8c). While ocean velocity is low, weak stratification in the boundary layer (Fig. 6b and d) is likely 
to have a weak effect in the velocity profile, allowing the shear to be transported closer to the interface. 
Thus while r > 0 m year-1 we interpret Re values as those descriptive of a shear-controlled regime. We 995 
somewhat arbitrarily choose  𝑅𝑒! = 20 as the Reynolds stability critical number, which ensures all events 
with r > 0 m year-1 in Fig. 8 describe the shear-controlled regime. There are also short periods when r < 0 
m year-1 (shaded grey in Fig. 8 c), and Re is below 20 (shading in Fig. 8d for the same periods as in c). 

Next, the Ross Ice Shelf mooring experiences a clear seasonal cycle. In winter, r is above 0 m 
year-1, and we classify the system as shear-controlled. Indeed, the low observed ablation rates suggest 1000 
weak stratification in the boundary layer (Fig. 6a and c, blue). Also, the location of the Ross Ice Shelf 
mooring, next to an active polynya, leads to eddy activity in winter (Årthun et al., 2013) and increased 
mixing in the boundary layer. In summer, high local ablation leads to increased stratification and thinning 
of the boundary layer (Figure 6 (a) and (c), red), and r is below 0 m year-1. We suggest that the system 
can then be described as buoyancy-controlled. If this is the case, the same 𝑅𝑒! value should be applicable 1005 
to this site as to the Ronne Ice Shelf, as we are using the same methodology to calculate it. While there is 
no clear signal of Re crossing a threshold, during summers Re values tend to be lower than in winter, and 
dip below Rec. We interpret the signal in the Ross Ice Shelf mooring as a seasonal inflow of AASW 
creating the stratification in the ocean boundary layer, perhaps between the interface and the instrument 
position. The ablation rates in summer are lower than predicted by the shear-controlled parameterisation 1010 
due to ‘shielding’ effects similar to those presented in Section 4.4.  

We note that a lot of variation in Re might be explained by the available observations only acting 
as a proxy, rather than a direct measurement. First, 𝑈!  is likely to have less variability than 𝑈! due to the 
reduction in turbulent fluctuations close to the interface. Second, using 𝛿~ℎ! may lead to additional 
inaccuracy. Third, the effects of surface roughness are not included in KM2015, and the impact of 1015 
roughness on 𝐶! in the shear-controlled regime may be debated. Lastly, as discussed in Section 6.3, 
summer Re values are likely to be overestimated, and winter Re values are likely underestimated. Thus a 
Re calculated with fewer assumptions may have shown a stronger  seasonal signal in the record from the 
Ross Ice Shelf Mooring. 

Despite these major constraints from the types of observations, some preliminary conclusions can 1020 
be noted. Both sites may be described as dissolving, as the ocean temperatures stay below 0°C. The Ross 
Ice Shelf mooring likely experiences both types of turbulent flux regimes, while the Ronne Ice Shelf 
mooring is dominated by the shear-controlled regime, potentially with occasional short pulses of 
buoyancy-controlled dynamics. Perhaps surprisingly, the data are suggestive that the application of theory 
of turbulent flux regimes (i.e. calculation of Rec) by Wells and Worster (2008), developed for a vertical 1025 
wall, approximately captures the transitions for a mostly horizontal ice shelf base, as seen through the use 
of r to compare observed ablation rates with those calculated from parameterisations in each regime. 
Whilst there is no firm evidence, taken alongside the good comparison to ice shelf melt rates predicted by 
Kerr and McConnochie (2015), one possible interpretation is that these ice shelves all have steep small 
scale roughness, although other effects may be important. Notably, the transition to a putative buoyancy-1030 
controlled regime suggested here could simply be a result of a poor fit of a shear-controlled 
parameterisation, and the better agreement with the scaling of Kerr and McConnochie (2015) could be co-
incidental. Alternatively, this change could be suggestive of a strong impact of stratification on the shear 
driven boundary layer in summer. 
  1035 
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7. Summary and future research priorities 

Ablation types are affected by two thermal and multiple turbulent flux regimes, including the 
thermodynamics of melting and dissolving, and buoyancy- and shear- controlled turbulent fluxes.  

Next to vertical, sloping and horizontal interfaces, different ablation types have been commonly 
observed. Cold ice shelf cavities and sea ice interfaces, commonly horizontal or slightly sloping, are 1040 
typically classified as shear-controlled dissolving. Glaciers and warm cavity ice shelves can be in contact 
with warm waters, suggesting they may be in a melting regime either currently or under further future 
warming. Additional effects of stratification and surface roughness affect the boundary layer processes, 
thus determining which ablation type is present. We have reviewed the existing regimes captured in 
model parameterisations. Modelling approaches differed based on temporal and spatial resolutions, and 1045 
interface orientation (e.g., iceberg sides and  ice shelves). None of the current parameterisation explicitly 
distinguish ablation types. Simplified parameterisations inherit the ablation type of the underlying 
observations or a more complex parameterisation, thus are tuned to a specific set of ocean conditions.  

Our analysis of mooring data under ice shelves suggests that both shear- and buoyancy-controlled 
dynamics could be relevant during different seasons and synoptic events. The transitions between regimes 1050 
are broadly consistent with a shear-controlled regime for larger values of a Reynolds number for the 
molecular sublayer, and a buoyancy-controlled regime for smaller Reynolds number. However, 
explanations for outliers and variability between these regimes cannot be explained by the limited 
available observational data. Curiously, the buoyancy-controlled ablation theory of Kerr and 
McConnochie (2015) for vertical ice faces seems to better capture ablation rates during many of the 1055 
periods with low Reynolds number, despite it being applied here to shelves with very shallow mean 
slope. A potential explanation could be the significance of small scale variations in slope over local 
roughness, although this requires more detailed observations to test and explore. 

Models that focus on regional differences and future projections may benefit from flexible 
parameterisations to account for these differences. Turbulent flux regimes in the ice-ocean boundary layer 1060 
need to be considered if the impact on ablation of changes in circulation and stratification are to be 
captured. Seasonal and synoptic changes in background circulation, atmospheric forcing and the 
stratification are not universal, but common enough to incorporate in modelling of ice-ocean ablation. 
These processes, often large-scale, are already incorporated in ocean models, but not accounted for 
directly in the class of ablation parameterisations that do not account for changes to the ocean circulation. 1065 

The importance of thermal regimes varies regionally. Arctic and Antarctic sea ice and cold cavity 
ice shelves are in conditions that currently imply dissolving. In areas where Circumpolar Deep Water 
comes into contact with warm cavity ice shelves and warm surface waters come into contact with sea ice 
and ice shelves, the temperatures may lie above the dissolving limit, and in the melting regime. The 
melting solution is also already relevant to glacier termini in warm fjords and will become more 1070 
applicable to ice shelves in future warming scenarios. Such warming near ice shelves could result from 
either regional warming of a given water mass, or from a changing pattern of advection of existing water 
masses. We also stress that the dynamics of the turbulent melting regime is not well characterised, and it 
is unclear exactly how much warming is needed to shift into a melting regime. Currently available 
ablation parameterisations have been largely based on calibration in the dissolution regime. The transition 1075 
to melting has not been fully tested but could become important in the future. 

If a future study aims to include regional differences and stratification effects in the results, there 
is no existing parameterisation that correctly describes all possible conditions, and piecewise transitions 
may be needed between different regimes. Other possible solutions include choosing a parameterisation 
of the ablation type which best fits the given initial ice shelf cavity conditions. However, such a study 1080 
would subject the outcome to preconceived assumptions about cavity conditions. 

Future research on the transitions between ablation types could focus on quantifying slope 
effects, acknowledging the challenges from laboratory constraints on the Reynolds number and the 
difficulties of making observations of small-scale processes in the field. Currently, the prudent approach 
that uses net boundary layer speed (i.e. buoyancy + tides + geostrophic) may be applicable to calculation 1085 
of Re and division of regimes. However, it is necessary to characterise the transitions more precisely if 
accurate predictions of current and future states of the ice-ocean interface are to be achieved. 

We realise that direct applicability of the classification that relies on processes that happen on 
such small scales is challenging. However, we hope that this is a step in the direction of reduced 
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uncertainty in the ice-ocean ablation. 1090 
Based on the presented review, several areas for future research are recommended below: 

1. Targeted high-resolution observations are needed in a range of environments. Suggested observations 
might include: in the ice shelf cavity, under fast ice, or in the lab with an ice roof and imposed 
currents, with realistic water temperatures spanning the range −2 to +10°C. 

2. Small-scale modelling, such as DNS and LES (noting that LES does not fully resolve the turbulent 1095 
dynamics), may be a first step in studying transitions in different environments. 

3. Possible applications of buoyancy-controlled ablation parameterisations under shallow slopes and 
horizontal interfaces such as the ice shelf base need to be researched further.  

4. All ablation type transitions need to be better constrained. 
5. Additional effects of roughness of all scales on the boundary layer structure should be studied. 1100 
6. Effects of stratification in the ocean boundary layer on the ablation rate should be researched further. 
7. Future research on ice ablation needs to be directed at melting regimes that are suggested 

theoretically but remain observationally underconstrained, and can be expected to grow in relevance 
in nature with continued warming of the ocean.   
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Appendix A. Nomenclature 1105 

Typical denominations for water, ice, and interface vary in past literature. In order to avoid 
confusion between studies, we have adapted all notations to a common framework for this study. 

 
a, b and c – empirical constants  for pressure-dependent freezing point 
𝑐!"# – specific heat capacity of ice 1110 
𝑐! – specific heat capacity of water 
𝐶!  – drag coefficient 
D – molecular salt diffusivity 
𝐹! - salt flux through compositional sublayer of width ℎ! 
𝑔! = ! (!!!!!)

!!
 – reduced gravity based on density difference  1115 

ℎ! – compositional sublayer thickness (as defined in Kerr and McConnochie, 2015) 
L – specific latent heat of fusion 
𝑁𝑢! – local Nusselt number 
p – pressure  
Pr – Prandtl number 1120 
𝑞 – heat flux through the boundary layer 
𝑄!!"# – heat flux through ice 
𝑄!!"#$%# – latent heat 
𝑄!! – heat flux through water (interface - ocean grid cell) 
𝑄!!"#$%– net salt flux from ablation or freezing 1125 
𝑄!! – turbulent heat flux through water (interface - ocean grid cell) 
𝑅 = 𝛾!/𝛾! – double diffusion ratio 
𝑅𝑎! – boundary layer Rayleigh number – buoyancy stability criteria 
𝑅𝑎! – Local Rayleigh number at distance z from origin of the flow.  
𝑅𝑒! – Reynolds number – shear stability criteria 1130 
𝑅𝑒!– Critical Reynolds number 
𝑅𝑖∗ - convective Richardson number 
𝑆!- interface salinity 
𝑆!"# - ice salinity 
𝑆!  - water salinity at the edge of the boundary layer  1135 
Sc – Schmidt number 
𝑆𝑡 = !"

!" !"
 – Stanton number 

𝑆𝑡∗ – bulk Stanton number 
𝑇! - interface temperature 
𝑇!"# - ice temperature 1140 
𝑇! - water temperature at the edge of the boundary layer 
∆𝑇 – temperature difference, or driving temperature (definitions vary between studies) 
∆𝑆– salinity difference (definitions vary between studies) 
𝑇! – freezing temperature of water of given salinity 
𝑈 – mean horizontal velocity of the boundary layer 1145 
𝑈! – measured velocity  
𝑢∗ – friction velocity 
𝑢∗!"# – minimum friction velocity to avoid zero ablation 
W – mean vertical (or alongslope) velocity of the boundary layer 
𝑤 – interface velocity, or ablation rate of ice (positive for ice ablation) 1150 
z – height above leading edge 
𝛾!!"#-– heat transfer coefficient through ice 
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𝛾! and 𝛾! – transfer coefficients of heat and salt through water, appropriately describing change 
of scalar over the chosen distance.  
Γ! and Γ! – nondimensional transfer coefficients of heat and salt through water 1155 
δ – molecular sublayer thickness 
κ – thermal diffusivity of water 
𝜅!"# – molecular thermal diffusivity of ice 
ν – kinematic viscosity 
𝜌! - interface density 1160 
𝜌!"# - ice density 
𝜌! - water density  
𝜑 – slope angle (𝜑 = 0 is horizontal, 𝜑 = 90 is vertical)  
 

Appendix B.  1165 

As the understanding of heat and salt transfer in the ocean boundary layer evolved, the definition 
of transfer coefficient changed. This not only includes nomenclature, but differences in what this variable 
represents and how it is defined. Here we briefly track the evolution of definitions. We use notations and 
names of parameters as authors used in each study to outline the difference between assumed variables 
(e.g., velocity U may represent bulk velocity in the boundary layer, far-field velocity, mean plume 1170 
velocity). 

Table B.1. Transfer coefficient definitions 
Nomenclature 
Citation 

Name used Definition and further details 

B 
(Owen and 
Thomson, 1963) 

Stanton number 
𝐵 =

1
𝛼
𝑢!ℎ
𝜈

!!.!"

𝑃𝑟!!.! 
h – sublayer thickness  
𝑢!- “characteristic velocity of eddying fluid” in the 
sublayer, or friction velocity  
𝛼 - constant for roughness (between 0.45 and 0.7) 
Assumptions made: 

1) 2-layer model 
2)  heat transfer is mainly confined to a sublayer 

where it controlled by molecular conductivity.  
𝑐! 
(Monin and 
Yaglom, 1971) 

Stanton number The heat transfer coefficient (Stanton number): 
𝑐! =

𝑞!
𝑐!𝜌𝑈 𝑇! − 𝑇!

 

The modified heat transfer coefficient: 
𝐶! =

𝑞!
𝑐!𝜌𝑈! 𝑇! − 𝑇!

=
𝑐!

1− Δ 

Δ =
𝑇! − 𝑇!
𝑇! − 𝑇!

 

T – concentration of passive admixture. In case of 
temperature and salinity, assumption of passivity is 
doubtful due to buoyancy forces (Sec.5.7) 
𝑇! – interface value 
𝑇! – value at the boundary layer thickness (eq. 5.80) 
𝑇! – bulk temperature 
𝑈– typical velocity scale of the flow 
𝑈! – average bulk velocity (Sec.5.5) 
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𝑞!– heat flux directed from the interface 
Theory assumes (Sec. 5.7 Monin and Yaglom, 1971; 
Kader and Yaglom, 1972; Yaglom and Kader, 1974): 

1) Turbulent heat and mass transfer are much 
greater than the molecular transfer in 
turbulent outer flow 

2) The viscous and molecular diffusivity 
sublayers, and the buffer sublayer provide 
negligible contribution to the bulk velocity, 
bulk temperature and bulk concentration. 

No measurements of the sublayer of molecular 
thermal diffusivity were available, but it was shown 
that the scaling 𝑐!~𝑃𝑟!!/! at Pr >>1 gives a good 
description of available data. (their formula 5.86’).  

𝑐! 
(Kader and 
Yaglom, 1972) 
 

Stanton number Follows definitions of  𝑐! and 𝐶! of Monin and 
Yaglom (1971). 
For universal function of Pr a 2-layer model of 
boundary layer is used with a molecular sublayer and 
fully turbulent layer. In the molecular sublayer both 
the molecular and turbulent transfer are considered.  

𝐶! 
(Kader and 
Yaglom, 1972) 

Modified 
Stanton number 
(based on bulk 
measurements) 

For smooth walls in pipes and water best fit is 
(formula 30): 

𝐶! =
!!/!

!/!

!.!" !" !!
!/!!" !!".!!"!/!!!.!" !"!"!!".!

  

𝐶! = 2 !∗
!

!
 – skin friction coefficient 

𝑢∗ - friction velocity 
𝑈– typical velocity scale of the flow 

𝐶! 
(Yaglom and 
Kader, 1974) 

Modified 
Stanton number 
(based on bulk 
measurements) 

For a completely rough wall at high Re (their formula 
22): 
𝐶! =

!!/!
!/!

!.!" !" !
!

!/!
!!.!! !"!/!!!.! !!

!/!!!"! !.!
!!!! !!!.! !!/!

!/!
  

L – pipe radius / half-width of channel / boundary 
layer thickness 
ℎ! =

!!∗
!

  
h – mean height of roughness 
𝜂! = ℎ/𝐿 - relative roughness height 

𝐶! 
(Kader and 
Yaglom, 1977) 

Modified 
Stanton number 
(based on bulk 
measurements) 

For a wall with parallel roughness ridges (their 
formula 14): 

𝐶! =
!!/!

!/!

!.!!!
!/! !"!/!!!.! !!.!" !"!!!!!

!.!
!!!! !!!.! !!/!

!/!  

Nomenclature are the same as in (Yaglom and Kader, 
1974).  

Φ 
(McPhee et al., 
1987) 

Nondimensional 
change in 
temperature 
from the 
interface to the 

Definition: Φ = !∗!"
!!

!
!  

Connection to other: Φ = !
!"

 
Resulting expression:  
Φ = Φ!"#$ +Φ!"#$ 
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level z 
Φ!"#$ =

1
𝑘 ln

𝑢∗ 𝜉!𝜂∗!

𝑓𝑧!
+

1
2𝜉!𝜂∗

−
1
𝑘 

Φ!"#$ = 1.57
𝑢∗𝑧!
𝜈

!.!
 𝑃𝑟!.!" − 6 

𝑧!  - Roughness elements scale 
𝑢∗ - friction velocity 
𝜉! - dimensionless constant 
𝜂∗ - stability parameter 
𝑓 - Coriolis parameter 
𝑘 - Von Karman constant 
𝐾! - heat diffusivity 
Assumptions made: 

1) 2-layer models are essential, with most of the 
change in scalar quantities occurring within 
the laminar/transition sublayer. 

2) Buoyancy effects are important in high 
ablation conditions 

3) Effects of rotation are needed for evaluation of 
the boundary layer thickness.  

𝑐! 
(McPhee, 1992; 
McPhee et al., 
1999) 

Heat transfer 
coefficient 
(turbulent 
Stanton number) 

Definition: 𝑐! =
!!!! !
!∗! !"

 
𝛿𝑇 = 𝑇!"#$% !"#$% − 𝑇!(𝑆!"#$% !"#$%) 
𝑢∗! - friction velocity at the boundary 
𝑤!𝑇! ! – the kinematic heat flux at the interface 

Observations showed that  
𝑆𝑡∗ =

!!!! !
!∗! !"

 and 𝑅𝑒∗ = 𝑓 !∗!!!
!

 do not follow 
Yaglom and Kader (1974), and so it is assumed that 
𝑐! = 𝑐𝑜𝑛𝑠𝑡 is a better choice.   
Not clear if requirements of Yaglom and Kader (1974) 
are satisfied when 𝑅𝑒∗ is calculated for all observations 
(ℎ! =

!!∗
!

  >100, closely spaced roughness elements). 
𝛼! 
(Notz et al., 
2003; McPhee 
et al., 2008; 
McPhee, 2016) 

Turbulent 
exchange 
coefficients; 
Interface 
exchange 
coefficient 

Definition: 𝛼! =
!!!! !

!∗!( !!"#$% !"#$%!!! !!"#$%&'($ )
 

Notz et al. (2003) use 𝑢∗ for the friction velocity 
throughout the paper.  

𝑆𝑡∗ 
(Notz et al., 
2003; McPhee 
et al., 2008; 
McPhee, 2016) 

Bulk exchange 
coefficients; 
Stanton Number 

𝑆𝑡∗ =
𝑤!𝑇! !

𝑢∗!( 𝑇!"#$% !"#$% − 𝑇! 𝑆!"#$% !"#$% )
 

 
Notz et al. (2003) use 𝑢∗ throughout the paper. 

𝛾 [m s-1] 
(Hellmer and 
Olbers, 1989 

Turbulent heat 
exchange 
coefficient  

Constant value (𝛾 = 10!!m s-1) that assumes ocean 
velocity of 15 cm s-1.  

𝛾[m s-1] 
(Jenkins, 1991) 
 

Turbulent 
transfer velocity 

Based on 𝐶! (Kader and Yaglom, 1972). 

𝛾 =
𝐾!/!𝑈

2.12 ln 𝐾
!
! 𝑅𝑒 + 12.5𝑃𝑟!/! − 8.68
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U – mean plume velocity 
K- dimensionless drag coefficient 

𝛾[m s-1] 
(Jenkins and 
Bombosch, 
1995) 
 

Heat Transfer 
coefficient 

Definition: 𝛾 = !"!!
∆!

 
∆!- Boundary layer thickness 
𝐾! - Molecular diffusivity  
Nu – Nusselt number, “which represents the increase 
in the heat flux through the outer part of the boundary 
layer caused by turbulence” 
Based on 𝐶! (Kader and Yaglom, 1972). 
Used expression: 

𝛾 =  
𝐾!/!𝑈

2.12 ln 𝐾
!
! 𝑅𝑒 + 12.5𝑃𝑟!/! − 9

 

K- dimensionless drag coefficient 
𝛾 [m s-1] 
(Grosfeld et al., 
1997) 

Coefficient of 
turbulent heat 
flux 

Constant value 𝛾 = 4.2×10!! 𝑚𝑠!!. The value comes 
from the heat transfer coefficient (2.8×10-4) and ocean 
velocity 0.15 ms-1.  

𝛾 [m s-1] 
(Holland and 
Jenkins, 1999) 
 

Thermal 
exchange 
velocity 

Definition: 𝛾 = !" !!
!

!
 

Nu – Nusselt number “that describes nonlinearity of 
temperature profile and variable diffusivity in the 
boundary layer” 
𝜅!!  - thermal diffusivity adjacent to the ice-ocean 
interface 
h – boundary layer thickness  
Used expression:  
𝛾 = !∗

!!"#$!!!"!"
,  

𝛤!"#$ = 12.5 𝑃𝑟!/! − 6, 
𝛤!"#$ =

!
!
ln !∗ !!!∗!

!!!
+ !

!!!!∗
− !

!
. 

ℎ! - Thickness of viscous sublayer 
Definitions follow McPhee et al. (1987). Assume 
𝜂∗ = 1.  
 

𝛤 
(Jenkins et al., 
2010a) 

Dimensionless 
transfer 
coefficient 

Similar to 𝑆𝑡∗ (McPhee et al., 2008). Constant values 
of Γ and 𝐶! are recommended based on observations 
under Ronne ice shelf.  

𝛾 [m s-1] 
(Jenkins et al., 
2010a)  

Dimensioned 
transfer velocity 

Similar to 𝛾 (Jenkins, 1991)  
 

𝛾 
(Kimura et al., 
2016) 

Nondimensional 
exchange 
coefficients of 
the heat and salt 
transfer through 
the boundary 
layer 

Assume that molecular contributions dominate the 
exchange.  
𝛾! = 1.6×10!! 
𝛾! = 4.4×10!! 
 

𝛾 
(Kerr and 

Constant  Describes relationship 𝑁𝑢 = 𝛾 𝑅𝑎!/!, derived from 
laboratory experiments 
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McConnochie, 
2015) 
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Table 1. Ablation rate parameterisations used in Figures 7 and 8. For description of studies see 
Section 6.4. 1705 
Citation Notes on modifications and parameters chosen. 
KM 2015 
(Kerr and 
McConnochie, 
2015) 

Solved as formulas (2.23, 2.24) from the paper.  
Pressure-dependent freezing point added, as formulated in HJ 1999.  
Buoyancy-controlled regime is hypothesised.  

HO 1989 
(Hellmer and 
Olbers, 1989) 

No modifications. 

N 2003 
(Notz et al., 
2003) 

Pressure-dependent freezing point added, as formulated in HJ 1999.  
Friction velocity solved as formulated in HJ 1999. 
𝑅 = 70  
Γ!= 0.0135  

HJ 1999 
(Holland and 
Jenkins, 1999) 
 

Heat flux through the solid is always included (eq. 31, melting case 
only). 
Surface temperature of ice shelf is assumed -25 °C.  
Stability parameter is set to 1. 
 

J 2010 
(Jenkins et al., 
2010a) 

Recommended values based on observation: 
Γ!=0.00031  
Γ!=0.011  
𝐶!= 0.0097 

 
  



43	
	

 

Figure 1. Boundary layer profiles of temperature, T, (red) and salinity, S, (blue) in the two thermal 
regimes: dissolving and melting. During dissolving, salt transfer to the interface limits the phase change 1710 
rate. During melting, a layer of meltwater is located next to the interface, and phase change is 
determined by the heat transfer. Two possible temperature profiles are plotted for dissolving: heat source 
for ablation coming from the ocean – solid line (e.g., Holland and Jenkins, 1999); heat source for 
ablation coming from the ice - dashed line (e.g., Notz et al., 2003). The gradients and layer thicknesses 
are not to scale. Blue arrow shows the salinity and temperature sublayer next to the interface. Where the 1715 
salinity gradient is present, it limits the ablation rate. The red arrow shows the temperature sublayer, but 
no salinity gradient is present for melting, thus the ablation rate is not limited by salt transfer. Red and 
blue arrows show the immediate sublayer next to the interface, where either the salinity gradient is 
present/absent, thus limiting/not limiting the ablation rate. Subscripts i, ice, and w refer to ice interface, 
ice and water respectively. 1720 
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Figure 2. Turbulent flux regime hierarchy next to a vertical wall: laminar convection, buoyancy-
controlled turbulent convection, and shear-controlled turbulent convection. A sublayer with thickness δ 
exists next to the interface, where molecular transport dominates. Next, a sublayer affected by viscosity 
and the outer layer (fully turbulent) are defined. At intermediate heights, the width of the molecular 1725 
sublayer is defined by the buoyancy stability criterion (eq. 4). At large heights, the width of the 
molecular sublayer is consistent with shear stability criterion (eq. 5). This is a simplified version of 
Figures 1 and 2 in Wells and Worster (2008).  
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Figure 3. Turbulent flux regimes and resulting heat and salt flux parameterisations from different studies. 
Bottom row: classification of Wells and Worster (2008) for thermal convection next to a wall. Top row: 
Similarities of heat flux definitions in existing ice-ocean research.  

 1735 
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Figure 4. Development of the ablation parameterisations used in a range of existing studies: a 
consecutive reference tree, which supports classifications of studies based on assumptions made in the 
“parent” research. Studies are grouped by topics: 1. Theory Development (green), 2. Sea Ice 
Observations and Models (blue), 3. Plume Models (plum), 4. Dissolving of ice (purple), 5. Ice Shelf 1740 
Observations & Models (red). Significant influence of research within and across groups is signified by 
arrows. A short description of papers, relevant to this review, is added in black. 
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Figure 5. Schematic diagram of ablation types and suggested ocean conditions that can be found next to 
different ice types. Existing studies are discussed in Sections 4-5, mooring observations are discussed in 1745 
Section 6. The straight transition lines (grey shading) indicate that the precise ranges of these transitions 
remain uncertain. The freezing-dissolving transition occurs roughly at -2°C; the dissolving-melting 
transition occurs roughly from -0.5°C to +5°C. The turbulent flux regime transition happens at 0.03-0.05 
ms-1 for vertical walls.  



48	
	

 1750 

Figure 6. Salinity at (a) Ross and (b) Ronne Ice Shelf (2015-16) mooring locations and temperature at 
(c) Ross and (d) Ronne Ice shelf mooring locations. Crosses represent instrument positions that are used 
for the analysis. The profiles were taken before mooring deployments in November 2010 (blue) and 
January 2011 (red) from the Ross Ice Shelf mooring location, and in January 2015 from the Ronne Ice 
Shelf mooring location. 1755 
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Figure 7: An overview of ablation regimes in the Ross Ice Shelf cavity. (a) In situ temperature (blue) 
and ocean velocity (red) records. (b) Ablation rate predicted by parameterisations (Table 1) and the 
observed ablation rate. (c) Coefficient r of turbulent flux regimes: r>0 m year-1 is shear-controlled, and 1760 
r<0 m year-1 is buoyancy-controlled. Shading indicates buoyancy-controlled periods. (d) Reynolds 
number Re (see Eq. 5) calculated for the boundary layer. Shading for the same periods as in (c), i.e. 
when the system is buoyancy-controlled. Black line indicates a suggested critical value of 20. Note that 
the Ross Ice Shelf mooring data is plotted for 4 years, compared with 1 year for the Ronne. 
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Figure 8: An overview of ablation regimes in the Ronne Ice Shelf cavity, same as Figure 7. (a) In situ 
temperature (blue) and ocean velocity (red) records. (b) Ablation rate predicted by parameterisations 
(Table 1) and the observed ablation rate. (c) Coefficient r of turbulent flux regimes: r>0 m year-1 is 
shear-controlled, and r<0 m year-1 is buoyancy-controlled. Shading indicates buoyancy-controlled periods. 
(d) Reynolds number Re (see Eq. 5) calculated for the boundary layer. Shading is for the same periods as 1770 
in (c). Black line indicates a suggested critical value 20. Note that the Ronne Shelf mooring data is 
plotted for 1 year, compared with 4 years for the Ross.  


