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Abstract: In contrast with the severe thinning of ice shelves along the coast of West 16 

Antarctica, large ice shelves (specifically, the Filchner-Ronne and Amery Ice Shelves) 17 

with deep grounding lines gained mass during the period 1994-2012. This positive 18 

mass budget is potentially associated with the marine ice production, which originates 19 

from the supercooled Ice Shelf Water plume carrying suspended frazil ice along the 20 

ice shelf base. In addition, the outflow of this supercooled plume from beneath the ice 21 

shelf arguably exerts a significant impact on the properties of Antarctic Bottom Water, 22 

as well as its production. However, knowledge of this buoyant and supercooled shear 23 

flow is still limited, let alone its structure that is generally assumed to be vertically 24 

uniform. In this study we extended the vertical one-dimensional model of ice 25 

shelf-ocean boundary current from Jenkins (2016) by incorporating a frazil ice 26 

module and a fairly sophisticated turbulence closure (i.e., k − ε model) with the 27 

effects of density stratification. On the basis of this extended model, the study 28 

reproduced the measured thermohaline properties of a perennially-prominent 29 

supercooled ice shelf-ocean boundary current underneath the Amery Ice Shelf in East 30 



Antarctica, and conducted extensive sensitivity runs to a wide range of factors, 31 

including advection of scalar quantities, far-field geostrophic currents, basal slope, 32 

and the distribution of frazil ice crystal size. Based on the simulation results, the 33 

following conclusions can be drawn: Firstly, it can be difficult to reasonably 34 

reproduce the vertical structure of the ice shelf-ocean boundary current using a 35 

constant eddy viscosity/diffusivity near the ice shelf base. Secondly, although there 36 

are no direct observations of the size of frazil ice crystals beneath the ice shelves, the 37 

size of the finest ice crystals that play an important role in controlling the ice 38 

shelf-ocean boundary current is strongly suggested. Lastly, but most importantly, the 39 

ice shelf-ocean boundary layer response to the vertical gradient of frazil ice 40 

concentration will significantly reduce the level of turbulence. Therefore, this study 41 

highlights the importance of the strong interaction between frazil ice formation and 42 

the hydrodynamics and thermodynamics of ice shelf-ocean boundary layer. This 43 

interaction must not only be included, but also be resolved at high resolutions in 44 

three-dimensional coupled ice shelf-ocean models applied to cold ice cavities, which 45 

will have a potential impact on the overall ice shelf mass balance and the Antarctic 46 

Bottom Water production. 47 
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1. Introduction 52 

Ice shelves, which are the extensions of ice sheets over the ocean, buttress the 53 

outflow of ice from the grounded Antarctic ice sheet (Rignot et al., 2008). They lose 54 

mass primarily through iceberg calving and basal melting, with the latter in particular 55 

driving the ice shelf thinning, which is believed to be related to the loss of the 56 

Antarctic ice sheet (Pritchard et al., 2012), as well as the sea-level rise (DeConto and 57 

Pollard, 2016). The most severe basal melting usually occurs underneath the small 58 

warm-cavity ice shelves in the Bellingshausen and Amundsen Seas (Rignot et al., 59 

2013), which is directly associated with the warming of surrounding continental shelf 60 

waters (Schmidtko et al., 2014; Cook et al., 2016). In contrast, large ice shelves make 61 

a disproportionately small contribution to net basal melting despite melt rates of over 62 

5 m/yr on their deep grounding lines (Rignot et al., 2013); specifically, 63 

Filchner-Ronne and Amery Ice Shelves, which are the second and third largest ice 64 

shelves by area in Antarctica, respectively, gained mass during the period 1994-2012 65 

(Paolo et al., 2015). An abundance of marine ice beneath both ice shelves (Fricker et 66 

al., 2001; Sandhäger et al., 2004; Craven et al., 2009) could account for their mass 67 

gain, which typically originates from the frazil ice-laden supercooled Ice Shelf Water 68 

(ISW) plume being sourced from the deep grounding lines (Holland et al., 2007; 69 

Galton-Fenzi et al., 2012). 70 

Any water mass whose temperature falls below the surface freezing point can be 71 

referred to as ISW. Due to the buoyancy of the ISW in the ambient fluid, the ISW 72 

plume rises along the ice shelf base and gradually transits from being warmer than the 73 

freezing point to being in a supercooled state because of the depth-dependent freezing 74 

point when the plume approaches the ice shelf front (Lewis and Perkin, 1986). As 75 

soon as the ISW becomes supercooled, the suspended frazil ice within the plume, 76 

which has been initially seeded by broken basal dendrites, fracturing of the ice shelf, 77 

or nucleation of the suspended impurities within supercooled seawater (Jenkins and 78 

Bombosch, 1995), grows and deposits out of the plume onto the ice shelf base to form 79 

an accreted marine ice layer (Bombosch and Jenkins, 1995). Marine ice not only 80 



makes a significant contribution to the mass balance of the Antarctic ice sheet, for 81 

example, contributing 5% and 9% of the total volume of Filchner-Ronne (Sandhäger 82 

et al., 2004) and Amery (Fricker et al., 2001) Ice Shelves, respectively, but also heals 83 

rifts, thereby stabilizing the ice shelf (Glasser et al., 2009; Holland et al., 2009). 84 

Furthermore, the supercooled ISW plume flowing out from beneath the ice shelves 85 

not only influences the adjacent sea ice ecosystem processes (Smetacek et al., 1992), 86 

but also controls the properties and volume of Antarctic Bottom Water (Foldvik et al., 87 

2004; Matsumura and Hasumi, 2010; Williams et al., 2016). This has been a vital 88 

issue to the global climate system and biogeochemical cycles (Orsi et al., 1999; 89 

Johnson, 2008; Marshall and Speer, 2012). Therefore, it is of utmost significance to 90 

better understand the structure and dynamics of the supercooled ice shelf-ocean 91 

boundary current, combined with the associated interior frazil ice processes. 92 

2. Motivation 93 

Recent reviews present achievements related to Antarctic ice shelf-ocean 94 

interactions to date, with emphasis on modeling or parameterizing, and 95 

observationally monitoring these interactions and associated influences on the 96 

surrounding waters (Asay-Davis et al., 2017; Dinniman et al. 2016; Silvano et al., 97 

2016). However, knowledge of frazil ice-laden supercooled ice shelf-ocean boundary 98 

currents is one of the least known issues to the community. The ice shelf-ocean 99 

boundary current is analogous to a dense current on a seabed slope (e.g., overflows 100 

from marginal seas), which has a velocity maximum somewhere below ice shelf base 101 

and reversed shear below, and the current relaxes to the far-filed flow. Within that 102 

current, we refer to the boundary frictionally influenced part as the “boundary layer” 103 

beyond which is purely geostrophic (Jenkins, 2016). 104 

The process of these flows can be described using the plume theory, which was 105 

first applied by MacAyeal (1985). All the properties of the ISW plume are assumed to 106 

be well-mixed, and are represented as depth-averaged quantities in this framework 107 

(Jenkins, 1991). The well-mixed temperature and salinity of the supercooled ISW 108 

have been verified by borehole observations under the Ronne (Nicholls and Jenkins, 109 



1993) and Amery Ice Shelves (Herraiz-Borreguero et al., 2013). However, the vertical 110 

profiles of frazil ice concentration (FIC) and oceanic velocity may not to be uniform 111 

in the vertical direction, despite the complete lack of corresponding measurements. 112 

The FIC profile can hardly be vertically uniform due to the counteraction 113 

between the upward crystal buoyancy and downward turbulent diffusion, which leads 114 

to a nonlinear decrease in FIC with depth from the ice shelf or sea ice base, and thus 115 

the resultant stable stratification. That has been confirmed by some idealized 116 

one-dimensional simulations (Omstedt and Svensson, 1984; Omstedt, 1985; Holland 117 

and Feltham, 2005; Heorton et al., 2017). By drawing on the dynamical analogy with 118 

suspended sediment (Cheng et al., 2013; 2016), Cheng et al. (2017) introduced an 119 

expression for the equilibrium profile of FIC into an existing depth-averaged ISW 120 

plume model, and significantly improved the marine ice production beneath the 121 

western side of the Ronne Ice Shelf, as well as the sub-ice platelet layer thickness 122 

under the fast ice in McMurdo Sound (Cheng et al., 2019). Nevertheless, the 123 

equilibrium profile is essentially a first-order approximation, so the vertical dimension 124 

should be considered in the frazil ice module. It is worth mentioning that Holland and 125 

Feltham (2005) is the only work, as far as we know, that uses vertical 126 

one-dimensional model to study the frazil dynamics beneath an ice shelve. However, 127 

they did not consider the vertical structure of the ice shelf-ocean boundary current, 128 

and the salinity component was also excluded. Furthermore, they employed a constant 129 

diffusivity for simplicity, and did not consider the heat exchange at either ice shelf 130 

base or plume-ambient seawater interface. 131 

As the vertically inverted analog to the frazil ice, ignoring for the moment 132 

thermohaline exchanges, the suspended sediment-induced stratification suppresses the 133 

turbulence, which was first detected by Vanoni (1946), and can be represented 134 

indirectly with a reduction in the von Kármán parameter, as verified experimentally 135 

(Valiani, 1988) and theoretically (Guo and Julien, 2001; Castro-Orgaz et al., 2012). 136 

This sediment-induced turbulence damping has been extensively studied through the 137 

use of a stratification-dependent eddy diffusivity, analogous to that in a 138 

stably-stratified atmospheric surface layer (Smith and McLean, 1977; Villaret and 139 



Trowbridge, 1991; Herrmann and Madsen, 2007) and fairly sophisticated turbulence 140 

closures (Adams Jr and Weatherly 1981; Sheng and Villaret, 1989; Winterwerp, 2001, 141 

2006; Wright and Parker, 2004; Amoudry and Souza, 2011). These extensive studies 142 

have confirmed the role of sediment-induced turbulence damping in the control of 143 

hydrodynamics of the bottom boundary layer, and thus bed erosion and deposition. 144 

Therefore, the frazil-induced stratification is hypothesized to exert considerable 145 

influences on the supercooled ice shelf-ocean boundary layer, the confirmation of 146 

which is of particular concern in this study by using a more realistic turbulence 147 

closure rather than the constant diffusivity. 148 

Regarding the vertical structure of the ice shelf-ocean boundary current, to date, 149 

Jenkins (2016) is the exclusive work that gives a fundamental insight into this unique 150 

sub-ice shelf flow structure when basal melting occurs. The resultant meltwater 151 

formed beneath the ice is forced by its own buoyancy acting up the slope of the ice 152 

shelf base. The phase change at the ice shelf-ocean boundary makes this problem 153 

unique in the open-ocean. However, Jenkins (2016) did not discuss the effects of 154 

supercooling, and thus the influences exerted by the suspended frazil ice. If frazil ice 155 

processes are included, heat and freshwater exchanges at the crystal-seawater 156 

interface should be considered in addition to that at the ice shelf base. Besides, a 157 

constant viscosity/diffusivity was still adopted in Jenkins (2016). It is worth noting 158 

that owing to the limitation of the coarse resolution near the ice shelf base, the 159 

three-dimensional ice shelf-ocean coupled models can only roughly represent the 160 

vertical structure of this boundary current at a few grid points. In addition, there is 161 

almost no knowledge about the effects of frazil ice processes on this vertical structure 162 

beneath an ice shelf. 163 

Therefore, the motivation of this study is to provide insight into the vertical 164 

structure of the supercooled ISW plume by virtue of a one-dimensional (normal to the 165 

ice shelf base) model, including a more realistic turbulence closure. As a complement 166 

to Jenkins (2016) that focused on the ice shelf basal melting case, this study may lead 167 

to the future observation and modeling of ice shelf-ocean interactions under 168 

supercooling condition within cold cavities. 169 



3. Model 170 

The model adopted here is an extension of the vertical one-dimensional 171 

buoyancy- and/or pressure gradient-forced frictional ice shelf-ocean boundary current 172 

model developed by Jenkins (2016). Comparing with Jenkins (2016), we incorporate 173 

k − ε turbulence closure and frazil ice dynamics for this study. The rotated coordinate 174 

system used in the model is illustrated in Fig. 1, that is, z-normal to the ice shelf base, 175 

x-parallel to the principal slope (upslope), and y-perpendicular to the principal slope 176 

of the ice shelf base (across-slope). 177 

 178 
Fig. 1. Schematic of the ice shelf-ocean interface and underlying boundary current. 179 

The purple arrow denotes the direction of gravity, implicitly indicating the decreasing 180 

thickness of the ice shelf with the basal slope tanα along the x direction. Blue 181 

arrows show velocity vectors for a typical upslope current profile. 182 

 183 

3.1. Governing equations 184 

The ISW density is assumed to be represented by a mixture of seawater and 185 

frazil ice. Then, the equation of state can then be written as: 186 

ice shelf base

viscous sublayer 

z

mixed layer
(Ekman layer)

y (across-slope)

x (upslope)

g

a

marine ice



ρ = ρ0(1 − Ci)[1 + βS(S− S0) − βT(T− T0)] + ρiCi                       (1) 187 

where ρ is the potential density of frazil-seawater mixture, T is the temperature, S 188 

is the salinity, ρi = 920 kg. m−3  is the ice density, ρ0 = 1030 kg. m−3 , T0 =189 

−2 Co , and S0 = 34.5 psu  are the reference density of seawater, reference 190 

temperature, and reference salinity, respectively, βT = 3.87 × 10−5 Co −1 and βS =191 

7.86 × 10−4 psu−1 are expansion coefficients, Ci is the total volumetric FIC, which 192 

is distributed between Ni size classes, such that Ci = ∑ Ci,n
Ni
n=1 . 193 

The simplified momentum equations (Eqs. (2) and (3)) are adopted from in 194 

Jenkins (2016): 195 

∂u
∂t
− ϕv = −gcosα ∂η

∂x
+ ρa−ρ

ρ0
g sinα + ∂

∂z
�Az

∂u
∂z
�                           (2) 196 

∂v
∂t

+ ϕu = −gcosα ∂η
∂y

+ ∂
∂z
�Az

∂v
∂z
�                                      (3) 197 

where u and v are components of the current vector in the x (upslope) and y 198 

(across-slope) directions, respectively, t is the time, z is the axis normal to the ice 199 

shelf-ocean interface, ρa is the ambient seawater density, η is the instantaneous 200 

deviation of the ice shelf-ocean interface from its static position, Az is the eddy 201 

viscosity that is determined by a specific turbulence closure shown later, ϕ is the 202 

Coriolis parameter, g is the acceleration of gravity, α is the angle between the ice 203 

shelf-ocean interface and the horizontal. 204 

Following Holland and Feltham (2005), the vertical one-dimensional governing 205 

equation of FIC for each size class is given by 206 

∂Ci,n
∂t

= ∂
∂z
�Kz

∂Ci,n
∂z
� − wi,ncosα ∂Ci,n

∂z
+ N′n + �F(w′n,w′n+1)   for melting

F(w′n−1,w′n)   for freezing       (4) 207 

where Kz is the eddy diffusivity of scalars, which is assumed to be equal to Az (i.e., 208 

Prandtl number P𝑟𝑟 = 1, which eliminates the influences caused by differential scalar 209 

diffusion; Omstedt and Svensson, 1984; Omstedt, 1985; Jordan et al., 2014, 2015; 210 

Jenkins, 2016), wi,n is the frazil crystal rising velocity for each size class, which is 211 

estimated here by an explicit empirical function of frazil diamieter, as proposed by 212 

Morse and Richard (2009), w′n and N′n are the rates of frazil melting (w′n > 0) or 213 

freezing (w′n < 0) and frazil secondary nucleation of size class n, respectively, F is 214 



the transfer term due to freezing (melting) of frazil ice between class n and n − 1 215 

(n + 1). The parameterizations of w′n, N′n, and F are well documented (Smedsrud 216 

and Jenkins, 2004; Holland and Feltham, 2005, 2006; Galton-Fenzi et al., 2012; 217 

Cheng et al., 2017), thus it is thus redundant to repeat these formulations here. 218 

However, it is worth mentioning that frazil ice size is the most important but the least 219 

constrained determinant of all the aforementioned parameterizations associated with 220 

the frazil ice processes. Accordingly, the sensitivity of the vertical structure of the ice 221 

shelf-ocean boundary current to the distribution of the frazil ice crystal size should be 222 

indispensably examined later on. 223 

The conservation equations for T and S with the terms associated with frazil 224 

ice are 225 

∂T
∂t

= ∂
∂z
�Kz

∂T
∂z
� + �Tf − T − ℒ

cw
�w′                                      (5) 226 

∂S
∂t

= ∂
∂z
�Kz

∂S
∂z
� − Sw′                                                (6) 227 

where Tf is the in-situ freezing point that is dependent on salinity and pressure 228 

(Jenkins, 1991), ℒ = 3.35 × 105 J. kg−1  is the latent heat of ice fusion, cw =229 

3974 J. kg−1. Co −1 is the specific heat capacity of seawater, and w′ = ∑ w′n
Ni
n=1  is 230 

the net growth rate of frazil ice amongst full-size classes. 231 

In order to more quantitatively characterize the turbulent mixing in the boundary 232 

current, a fairly sophisticated turbulence closure, i.e., k − ε model (Rodi, 2017), is 233 

used in this study, which takes into account the effect of density stratification, 234 

compared to the frequently-used constant eddy viscosity/diffusivity. The 235 

corresponding governing equations are given as follows: 236 

∂k
∂t

= ∂
∂z
�Az
σk

∂k
∂z
� + Ps + Pb − ε                                           (7) 237 

∂ε
∂t

= ∂
∂z
�Az
σε

∂ε
∂z
�+ ε

k
(c1εPs + c3εPb − c2εε)                                 (8) 238 

Ps = Az ��
∂u
∂z
�
2

+ �∂v
∂z
�
2
�                                               (9) 239 

Pb = Az
gcosα
ρ0

∂ρ
∂z

                                                     (10) 240 

Az = cμ
k2

ε
                                                         (11) 241 



where k is the turbulent kinetic energy, ε is its dissipation rate, Ps is the production 242 

due to shear, Pb is the production/destruction due to buoyancy, σk = 1.4 and σε =243 

1.3 are the Schmidt numbers for the eddy diffusivity of turbulent kinetic energy and 244 

dissipation, respectively, cμ = 0.09 , c1ε = 1.44 , c2ε = 1.92 , and c3ε = 0.8  are 245 

constants. All of the governing equations listed above are discretized in 246 

finite-difference form, and the Coriolis force is treated using a semi-implicit approach 247 

(see Kämpf, 2010 for details). Moreover, the modeled boundary current thickness (i.e., 248 

the vertical model domain) is set to 200 m. The vertical grid spacing and time step are 249 

set to 1 m and 0.25 s, respectively. 250 

3.2. Boundary conditions 251 

The thickness of the viscous sublayer that adheres to the solid boundary is 252 

typically of the order of centimeters (Soulsby, 1983), which is comparable to the 253 

scales of the basal roughness forms (Owen and Thomson, 1963; Yaglom and Kader, 254 

1974). Accordingly, the interactions between the flow and ice shelf basal roughness 255 

forms, involving thermohaline mixing and momentum transfer, within this thin layer 256 

can only be fully resolved by large-eddy simulations (Vreugdenhil and Taylor, 2019) 257 

or direct numerical simulations (Mondal et al., 2019) with the vertical grid resolution 258 

of the order of millimeters or even finer. Because such small-scale processes cannot 259 

be resolved under the relatively much coarser grid resolution (on the order of meters) 260 

used in this study, it is necessary to use the approach of the log-law of the wall to 261 

parameterize the unresolved flow. In this approach, the first grid point (denoted by the 262 

subscript "1") is placed outside of the viscous sublayer and below the roughness 263 

elements. The resultant interfacial shear stress τ0 is related to the flow speed at the 264 

first grid point |U1| = �(u12 + v12) by the drag coefficient Cd, as follows: 265 

τ0 = ρu∗2 = ρAz0
|U𝑏𝑏−U1|

∆z
= ρAz0

|U1|
∆z

                                  (12a) 266 

where ∆z is the vertical grid spacing, the velocity U𝑏𝑏 at the ice shelf base is set to 267 

zero, 𝑢𝑢∗ = �Az0
|U1|
∆z

 is the friction velocity in which the near-base value Az0 at the 268 

first time step can be set by an initial value, e.g., a specified minimum value Az,min. 269 



Alternatively, the basal shear stress can also be parameterized using a quadratic 270 

drag law formulated as: 271 

τ0 = ρu∗2 = ρ��Cd|U1|�
2

                                            (12b) 272 

The drag coefficient Cd  is derived from the log law with a specified surface 273 

roughness length of z0: 274 

�Cd = 𝜅𝜅
ln(∆z 𝑧𝑧0⁄ )                                                     (13) 275 

where κ = 0.4 is the von Kármán constant. According to Robinson et al. (2017), the 276 

ice shelf base with accreted marine ice could be regarded as a very rough interface. 277 

Thus, following Cebeci and Bradshaw (1977), z0 can be specified by 278 

𝑧𝑧0 = 𝑘𝑘𝑠𝑠 30⁄                                                        (14) 279 

where 𝑘𝑘𝑠𝑠 is the equivalent height of the basal roughness forms. Eq. (12a) equaling 280 

Eq. (12b) leads to the following expression to calculate Az0 for the new value of 𝑢𝑢∗ 281 

at the next time step: 282 

Az0 = 𝑢𝑢∗�Cd∆z                                                    (15) 283 

In addition, the zero values of the turbulent kinetic energy k and the dissipation rate 284 

ε at the ice shelf base are specified as a result of the dominant role played by the 285 

molecular viscous forces over the shear-generated turbulence within the viscous 286 

sublayer. 287 

The upper boundary (UB) conditions for T  and S  are established by 288 

three-equation formulations (Holland and Jenkins, 1999): 289 

cwγT(TUB − Tb) = m′ℒ + m′ci(Tb − Ti)                                (16) 290 

γS(SUB − Sb) = m′Sb                                                (17) 291 

Tb = aSb + b − cB                                                  (18) 292 

where m′ is the basal melt (m′ > 0)/freeze (m′ < 0, which is the major situation in 293 

this study) rate, ci = 2009 J. kg−1. Co −1 is the specific heat capacity of ice, Ti is 294 

the internal ice shelf temperature, Tb and Sb are the basal temperature and salinity, 295 

respectively, TUB and SUB are essentially located on the upper edge of the outer 296 

turbulent region (the upper solid black line in Fig. 1), γT and γS are the thermal and 297 

haline exchange velocity, respectively, which can be determined by Eqs. (14-18) in 298 



Holland and Jenkins (1999), B is the local ice shelf draft relative to the mean sea 299 

level, a = −0.0573 Co . psu−1, b= 0.0832 Co , and c = −7.61 × 10−4 Co . m−1 are 300 

constants. The third term in Eq. (16) can be omitted in the case of basal freezing 301 

(Holland and Jenkins, 1999). Eqs. (16-18) are combined to solve for m′, Tb, and Sb, 302 

and then the UB flux conditions for T and S can then be specified by 303 

Kz
∂T
∂z
�
UB

= γT(TUB − Tb); Kz
∂S
∂z
�
UB

= γS(SUB − Sb)                       (19) 304 

It is worth mentioning that, as shown later, we essentially focus on the situation 305 

of a relatively strong ISW plume with a prominent turbulently-mixed layer under the 306 

mildly sloping ice face. In that case, the viscous sublayer is shear-controlled, rather 307 

than convection-controlled, and is significantly compressed by the fully-developed 308 

turbulence of the outer layer (McConnochie and Kerr, 2018; Mondal et al., 2019). 309 

Therefore, both the molecular and turbulent contributions to γT and γS are included 310 

(Holland and Jenkins, 1999). Furthermore, from a conservation perspective, Eq. (19) 311 

means that the vertical thermohaline fluxes through the thin viscous sublayer adjacent 312 

to the ice shelf base are assumed to be predominantly sourced from the vertical 313 

turbulent diffusion on the uppermost side of the turbulent domain. However, as 314 

suggested by Gwyther et al. (2020), how to bridge the thermohaline fluxes across the 315 

unresolved viscous sublayer to the vertical turbulence closure in the resolved part of 316 

upper water column in a more physically-based way than here will need to be 317 

addressed with the aid of well-designed observations (McConnochie and Kerr, 2018) 318 

and high-resolution modeling (e.g., large-eddy simulations (Vreugdenhil and Taylor, 319 

2019) or direct numerical simulations (Mondal et al., 2019)). 320 

The UB flux condition for FIC of each class can be formulated as: 321 

Kz
∂Ci,n
∂z
�
UB

− wi,nCi,n�
UB

= p′n                                        (20) 322 

where p′n is the frazil precipitation rate for the size class n. We follow McCave and 323 

Swift (1976) in the parameterization of p′n in terms of the product of the rising frazil 324 

ice flux and the basal shear relative to the critical shear for precipitation, which has 325 

been often referenced in the literature (Jenkins and Bombosch, 1995; Smedsrud and 326 

Jenkins, 2004; Holland and Feltham, 2005, 2006; Hughes et al., 2014; Cheng et al., 327 



2017, 2019). 328 

The lower boundary (LB) conditions are specified as follows: 329 

uLB = ug;  vLB = vg                                                 (21) 330 

∂k
∂z
�
LB

= 0; ∂ε
∂z
�
LB

= 0                                                (22) 331 

TLB = Ta;  SLB = Sa                                                 (23) 332 

�Kz
∂Ci,n
∂z

− wi,nCi,n��
LB

= 0                                           (24) 333 

where ug = − gcosα
ϕ

∂η
∂y

 and vg = gcosα
ϕ

∂η
∂x

 are the far-field upslope and across-slope 334 

geostrophic currents, respectively, Ta and Sa are the ambient seawater temperature 335 

and salinity, respectively. 336 

4. Reference run 337 

4.1. Model set up 338 

The majority of hydrographic observations beneath the ice shelves correspond to 339 

higher (Stanton et al., 2013; Kimura et al., 2015) or lower (Gilmour, 1979; Jacobs et 340 

al., 1979; Nicholls et al., 1997, 2012; Robinson et al., 2010; Hattermann et al., 2012; 341 

Arzeno et al., 2014; Begeman et al., 2018) basal melt rates. In contrast, the sub-ice 342 

shelf observations associated with the prominently supercooled condition, to our 343 

knowledge, are rather sparse thus far (Nicholls and Jenkins, 1993; Herraiz-Borreguero 344 

et al., 2013). Here, in view of the perennially prominent supercooled ISW overlain by 345 

a nearby 203 m thick accreted marine ice, we use the 346 

Conductivity-Temperature-Depth (CTD) data from the borehole site AM01 347 

underneath the Amery Ice Shelf during the austral summer in 2002 348 

(Herraiz-Borreguero et al., 2013) to validate our Reference run (hereinafter referred to 349 

as Ref). Seven full-depth (~363 m) continuously-sampled profiles were collected 350 

from the AM01 site within the space of 4 days, showing the inherent high variability 351 

that can be attributed to vertical (e.g., internal waves) and/or horizontal (e.g., 352 

advection by tides or currents) displacements of the water column (see Fig. 2 in 353 

Herraiz-Borreguero et al., 2013). The most prominent feature of these CTD profiles is 354 



the presence of an approximately 60 m thick ISW mixed layer (Fig. 2a and b). 355 

 356 

Fig. 2. Calculated vertical profiles of (a) temperature, (b) salinity, (c) velocity, and (d) 357 

total FIC relative to the value at the UB (denoted by number) in Ref and runs of 358 

different constants of viscosity ( Az = 0.003 and 0.005 m2. s−1 ). The 359 

ensemble-averaged CTD profiles of T and S at AM01 under the Amery Ice Shelf 360 

(Herraiz-Borreguero et al., 2013) are indicated by thick black dashed lines in (a and b), 361 

respectively. The grey solid line in (c) indicates the zero-velocity. Note that the 362 

different vertical scale is used in (d), and the depth of 60 m is delineated for 363 

comparison. 364 

 365 

Our model domain lies between the ambient seawater and Amery Ice Shelf with 366 
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B = −427 m (Herraiz-Borreguero et al., 2013). The basal slope J at AM01 is set to 367 

1.4 × 10−3 under the assumption of a linear decrease in ice shelf draft from AM01 368 

(-427 m) to the calving front (~-287 m) within 100 km (Galton-Fenzi et al., 2012). 369 

From Jenkins (2016), the upslope density current is forced by an inclined surface for 370 

buoyancy and/or an upslope background pressure gradient, which can be represented 371 

by the far-field across-slope geostrophic current, based on the geostrophic balance. 372 

Considering the probably weak buoyant forcing owing to the roughly estimated mild 373 

slope, we specify ug = 0 m. s−1 and vg = 0.067 m. s−1 to create a relatively strong 374 

upslope boundary current, thereby having a conspicuous mixed layer. The 375 

hydrographic data at AM01 provides the ambient seawater temperature Ta =376 

−2.04 Co  and salinity Sa = 34.46 psu.  377 

Initial conditions are set to zero velocity, k = 1 × 10−9 m2. s−2 , and ε =378 

1 × 10−13 m2. s−3. We specify the initial temperature Tini = −2.3 Co  and salinity 379 

Sini = 34.42 psu in the entire model domain. Subsequently, based on the linearized 380 

pressure freezing temperature relation, the values of the initial supercooling at UB 381 

(Tscini�UB = −0.091 Co ) and the corresponding initial thickness of the supercooled 382 

layer (Dsc = 120 m) can be calculated by 383 

Tscini�UB = Tini − aSini − b + cB                                        (25) 384 

Dsc = B − aSini+b−Tini
c

                                                (26) 385 

However, it is worth mentioning that this choice of initial supercooling conditions has 386 

little effect on the final quasi-steady state. All runs are integrated for 50 days, 387 

sufficient to achieve the quasi-steady state. 388 

To achieve a steady-state solution, Jenkins (2016) imposed a constant thermal 389 

driving (local temperature minus in-situ freezing point) gradient parallel to the 390 

ice-ocean interface over the entire vertical column, so that an advection effect of the 391 

boundary current can lead to a divergence in the heat flux; otherwise, the system will 392 

continuously evolve until the thermal driving is linearly-distributed normal to the 393 

interface. In our model configuration, the initial supercooling will be exhausted by the 394 



combination of the release of latent heat due to the frazil ice growth and thermal 395 

mixing from the domain base, and will turn to the melting case that Jenkins (2016) 396 

focused on, if we take no account of the cooling advection (u ∂T
∂x

> 0). To this end, we 397 

introduce a temporospatial constant along-slope gradient of ∂T
∂x

, like Jenkins (2016), 398 

for the promotion of supercooling, and seed for each frazil ice size class in the same 399 

manner (u ∂Ci,n
∂x

< 0). By introducing advective cooling and seeding into the system, a 400 

balance can be reached between excess supercooling and latent heat liberated by the 401 

seeded frazil ice growth. Constrained by the observational temperature and thickness 402 

of upper mixed layer, we finally specify ∂T
∂x

= 3.1 × 10−6 Co . m−1  and ∂Ci,n
∂x

=403 

−4 × 10−9 m−1 by iterative model tuning. Besides being cooled, the mixed layer can 404 

also be freshened (u ∂S
∂x

> 0) by virtue of the advective ventilation of ISW from 405 

upstream. By matching with the observational salinity profile of the upper mixed layer, 406 

we also specify ∂S
∂x

= 1.8 × 10−6 psu. m−1 by repeated tuning process. All the values 407 

adopted for other parameters are summarized in Table 1. 408 

4.2. Results 409 

The ensemble-averaged measured T and S profiles at AM01 within our model 410 

domain are depicted in Fig. 2a and b, respectively, both of which typically exhibit a 411 

three-layered structure: an approximately 60 m thick mixed surface layer, and two 412 

layers separated at the depth of about 120 m by the break point of the linear gradients 413 

in T and S, among which the middle water column has the strongest gradients. It is 414 

noteworthy that we only consider the upper 200 m thick part of the full-depth CTD 415 

profiles, because it seems to be unrealistic to model comprehensive oceanic processes 416 

over the entire distance from the ice shelf base to the bottom using a vertical 417 

one-dimensional model of boundary current. 418 

The layered structural feature below the surface mixed layer can be 419 

approximately reproduced by adding a simplified convection terms for the scalar 420 

quantities (i.e., w ∂X
∂z

 where X represents T, S, or FIC, w is the constant vertical 421 



velocity) to the lower half of the model system. By reducing the mismatch between 422 

the simulated and observed T and S profiles below the mixed layer, we specify 423 

w = 3 × 10−5 m. s−1, and finally the results of Ref in the quasi-steady state are 424 

established, as shown by the blue lines in Fig. 2. We have to admit that the simplified 425 

treatment on the scalar convection, as well as scalar advection, is an inevitable 426 

limitation of our vertical one-dimensional model configuration. That, however, would 427 

be substantially improved by using a vertical two-dimensional nonhydrostatic model 428 

that is left for a later study. Nevertheless, as stated in Jenkins (2016), the contribution 429 

of the adopted small vertical velocity that is three orders of magnitude smaller than u 430 

and v (Fig. 2c) to the mass balance can be ignored. 431 

As shown in Fig. 2c and d, the velocity and FIC profiles in the upper water 432 

column are nonuniform, contradicting the “uniform assumption”. It is worth 433 

mentioning that the reason why a relative FIC (to the value at the UB) is chosen to 434 

plot its vertical profile is to discernibly present the profile pattern for comparison (as 435 

shown later), regardless of the magnitude of the FIC. The upslope and across-slope 436 

velocities increase with the distance from the ice shelf base first, and then decrease to 437 

their far-field values. Considerable shear (turbulence) is produced within the upper 438 

Ekman layer (mixed layer) near the ice shelf base, and the upslope current is purely 439 

ageostrophic, which is dominated by the balance between the Coriolis and frictional 440 

forces. In contrast, the exterior (deeper) geostrophic flow is dominated by the balance 441 

between the Coriolis force and pressure gradient and/or buoyant forcing (Jenkins, 442 

2016). Bearing in mind the primary counteraction between the upward crystal 443 

buoyancy and the downward turbulent diffusion, the FIC profile has a positive 444 

vertical gradient that decreases towards the ice shelf base due to the increasingly 445 

strong turbulence near the ice shelf base. 446 

Quantitative compliance with the CTD profiles verifies that our vertical 447 

one-dimensional model has the ability to reproduce the vertical thermohaline structure 448 

of the supercooled ISW plume beneath an ice shelf. Due to the complete lack of 449 

observations of the boundary current and the frazil ice within it, we cannot validate 450 

the velocity and FIC profiles here. Nevertheless, we argue that the simulated profiles 451 



of water properties (temperature and salinity), velocity, and FIC are of certain 452 

reliability, and are inherently mutually influenced. Specifically, first of all, the 453 

advection by the boundary flow plays an important role in determining the water 454 

properties of the mixed layer, and as demonstrated later, the mixed layer thickness is 455 

critically determined by the vertical gradient of FIC. Secondly, both water properties 456 

and FIC determine the buoyancy forcing of the boundary current, and the 457 

shear-controlled turbulence is also influenced by stratification (Eqs. (7), (8), and (10)). 458 

Finally, advection also controls the FIC magnitude, the key to the suspension of frazil 459 

ice lies in the vertical turbulent diffusivity, and the thermal driving predominantly 460 

regulates the growth of frazil ice. Therefore, the vertical structure of each component 461 

should be consistent with the others. It seems to be expected that the vertical profiles 462 

of velocity and FIC are unlikely to deviate considerably from the real ones, except for 463 

other processes that have not been sufficiently resolved (e.g., more complicated 464 

vertical displacements of the water column associated with nonhydrostatic pressure) 465 

and/or are discarded (e.g., all the terms, apart from the advection of scalar quantities 466 

for ISW replenishment and frazil ice seeding, involving the gradients of ocean 467 

properties parallel to the ice-water base) in our reduced one-dimensional model 468 

become important, and/or the specific parameterizations adopted here will no longer 469 

be applicable. However, this remains for further study with a strong reliance on 470 

enriching the observational evidence for the ice shelf-ocean boundary currents, 471 

especially for their velocity and FIC. 472 

Fig. 3 shows the time series of supercooling at UB (Tsc|UB), depth-averaged Ci, 473 

and current speed |U| = �(u2 + v2) at z=10 m. We find that the frazil ice-laden, 474 

supercooled ice shelf-ocean boundary current in Ref approaches a quasi-steady state 475 

after about 28 days. It is interesting to note that the FIC increases rapidly at the 476 

beginning of the simulation, which can be regarded as a "frazil-ice explosion" of the 477 

kind observed in Hanley and Tsang (1984) and simulated in Rees Jones and Wells 478 

(2018). After the establishment of Ref, it is of particular importance to examine how 479 

this benchmark responds to the variations in a wide variety of influential factors 480 



including advection of scalar quantities, far-field geostrophic currents, basal slope, 481 

and the distribution of frazil ice crystal size, with all other parameters held at their 482 

values in Ref. Before that we first examine the influences of turbulence closure in the 483 

following section. 484 

 485 
Fig. 3. Time series of supercooling at UB (Tsc|UB), depth-averaged Ci, and current 486 
speed |U| at z=10 m. Note that the logarithmic scale is used for depth-averaged Ci. 487 

 488 

5. Effects of the turbulence closure 489 

Constant eddy viscosity/diffusivity has been conventionally adopted in quite a 490 

few frazil ice-related studies (Smedsrud, 2002; Holland and Feltham, 2005; Jordan et 491 

al., 2014, 2015; Heorton et al., 2017). The calculated results corresponding to Az =492 

0.003 and 0.005 m2. s−1 are shown in Fig. 2 for comparison with Ref. There is a 493 

remarkable diminution of the boundary layer thickness with constant Az, despite 494 

being somewhat thicker with larger Az (Fig. 2c). The upper mixed layer almost 495 

vanishes, and the entire boundary current eventually exceeds the freezing point (Fig. 496 

2a and b).  497 

Therefore, it can be concluded that the use of an explicit turbulence closure 498 

enables us to resolve the upper mixed layer and represent a more realistic vertical 499 

thermohaline profiles and fluxes. Within about 68 m away from the ice shelf base, the 500 
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significant turbulent kinetic energy and its dissipation are resolved by the adopted 501 

k − ε  turbulence closure (Fig. 4), dominating the thermohaline fluxes and 502 

maintaining the mixed layer and the shape of thermohaline profiles. It is worth 503 

mentioning that a well-defined mixed layer underneath a melting ice shelf base can be 504 

produced by using a combined turbulence closure consisting of the mixing length 505 

scheme of McPhee (1994) and the parameterization of Pacanowski and Philander 506 

(1981) (Jenkins, 2019, personal communication). Thus, more complex k − ε 507 

turbulence closure is thus expected to be capable of presenting the mixed layer when 508 

net melt occurs. In contrast, the constant Az  cannot reproduce the turbulence 509 

evolution process required to maintain the upper mixed layer, so that warmer and 510 

saltier ambient seawater can erode the upper mixed layer through the mixing process. 511 

 512 
Fig. 4. Calculated vertical profiles of k and ε in Ref. 513 

 514 

6. Sensitivity runs 515 

6.1. Sensitivity to the external supply of FIC and ISW renewal 516 

The sensitivity to the advective source of frazil (hereinafter referred to as ASF) 517 
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and the magnitude of the cooling and freshening (hereinafter referred to as CF) of the 518 

boundary layer are examined in Figs. 5 and 6, respectively. "0.3×ASF" and "0.75×CF" 519 

denote that the values of the upslope gradients of the FIC and thermohaline properties 520 

adopted in Ref are multiplied by 0.3 and 0.75, respectively. Obviously, the thicknesses 521 

of the upper mixed layer (defined by inflexions at the base of the mixed layer in Fig. 522 

5a and b) and the frictionally-influenced boundary layer (defined by the depths where 523 

the positive vertical gradient of the upslope velocity reaches its maximum in Fig. 5c) 524 

decrease approximately by 33% when small amounts of frazil ice are introduced in 525 

0.3×ASF (∂Ci,n
∂x

= −1.2 × 10−9 m−1 ), compared with the run without frazil ice 526 

processes. It is well-acknowledged that stronger stratification leads to more 527 

suppressed turbulence generation, which can also be inferred directly from Eqs. (7), 528 

(8), and (10). From Eq. (1), larger FIC means lighter water mass. Accordingly, in view 529 

of the increase in FIC towards the ice shelf base, the supercooled ISW plume becomes 530 

more stable as the vertical gradient of FIC becomes larger. In that case, the turbulence 531 

should be further destructed due to more buoyancy gained by the production of frazil 532 

ice. As shown in Fig. 5a-c, with increasing ASF, both thicknesses of the mixed layer 533 

and the velocity boundary layer further decrease owing to further suppression of the 534 

turbulence. This is consistent with the fact that the relative FIC profile becomes more 535 

nonuniform, as shown in Fig. 5d, due to increasingly weakened downward turbulent 536 

diffusion. Here we define "nonuniformity" (NU) as a measure of the overall vertical 537 

gradient of the relative FIC, which can be described by 538 

NU = 1
DhalfCi

z=0 ∫
∂Ci
∂z

dz =
Ci
z=0−Ci

z=−Dhalf

DhalfCi
z=0

z=0
z=−Dhalf

= 1
2Dhalf

                     (27) 539 

where z = −Dhalf is the depth at which FIC reaches half the value at the UB. The 540 

larger NU means the greater nonuniformity (NU monotonously increase from 0.0072 541 

m-1 for 0.3×ASF to 0.0108 m-1 for 2.0×ASF) that indicate weaker turbulence intensity. 542 

These behaviors demonstrate that when the external source of FIC is favorable, the 543 

enhanced vertical gradient of FIC will exert a profound damping effect on the 544 

turbulence by increasing the stratification. 545 



 546 

Fig. 5. As in Fig. 2, but for the sensitivity runs to advective source of FIC (ASF runs). 547 

Note that the calculated results without frazil ice processes are also plotted for 548 

comparison. 549 

 550 

Similar behavior can also be seen in the simulated results of CF runs except for 551 

0.75×CF (Fig. 6). The thicknesses of the mixed layer (Fig. 6a and b) and the boundary 552 

layer (Fig. 6c) increase from 0.75×CF to Ref, which corresponds to an elevated 553 

turbulence level reflected in Fig. 6d (black and blue lines). Thus, we can infer that the 554 

damping effect induced by the vertical gradient of FIC seems not to be sufficiently 555 

strong to counteract an enhancement in turbulence owing to the strengthening of 556 

buoyancy forcing by the advection of cooler and fresher water into the system. 557 
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Furthermore, it can also be inferred that the effect of a supercooling-induced FIC 558 

source on the stratification has not surpassed that of CF until in Ref. Besides ASF and 559 

CF runs, we also conduct other runs of the enhanced advection by assigning ug to 560 

nonzero values (ug=0 m.s-1 in Ref) or additionally introducing the across-slope 561 

gradient of scalar quantities to include the across-slope advection. Those model 562 

results (not shown) are also manifestation of the findings presented above yet with a 563 

distinct CF under the mixed layer when the advection is sufficiently enhanced. 564 

 565 

Fig. 6. As in Fig. 2, but for the sensitivity runs to advective cooling and freshening 566 

(CF runs). 567 

 568 

6.2. Sensitivity to across-slope geostrophic current and basal slope 569 
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As shown in Fig. 7a-c, it is interesting to note that the thicknesses of the mixed 570 

layer and the boundary layer fluctuate, rather than increase monotonously, with 571 

increasing vg . That results from the competition between the enhancement and 572 

suppression of turbulence by increasing vg  and frazil ice-induced stratification, 573 

respectively. In order to corroborate this argument, besides the mixed layer thickness, 574 

we also plot the variations of maximal Az and NU with an increase in vg in a 575 

normalized form (Fig. 8). As expected, the variation of maximal Az with increasing 576 

vg  shows almost the same trend as that of mixed layer thickness, and the 577 

nonuniformity of FIC profile responds accordingly but in an inverse pattern, because 578 

larger NU corresponds to weaker turbulence as mentioned above. In addition, in order 579 

to get further insights into the effect of FIC on the turbulence, we plot the profiles of 580 

Az and vertical gradient of the relative FIC for different vg in Fig. 9. It is shown that 581 

the depth where the value of vertical gradient of relative FIC peaks (Fig. 9b) nearly 582 

matches the location where Az reaches the minimum away from the ice shelf base 583 

(Fig. 9a); the latter also corresponds to the depth of the mixed layer (Fig. 7a and b). 584 



 585 

Fig. 7. As in Fig. 2, but for the sensitivity runs to across-slope geostrophic current. 586 

 587 
Fig. 8. Variations of the normalized mixed layer thickness, the maximal eddy 588 
viscosity/diffusivity, and NU by their corresponding maximum among all the cases of 589 

vg with an increase in vg. 590 
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 591 

Fig. 9. Calculated vertical profiles of (a) eddy viscosity and (b) vertical gradient of the 592 

relative FIC in the sensitivity runs to across-slope geostrophic current. 593 

 594 

So far, we can conclude that the vertical profile of FIC has a crucial influence on 595 

the vertical structure of the supercooled ice shelf-ocean boundary current by 596 

controlling the turbulence. The results of the runs with changing basal slope also 597 

exhibit similar behaviors (Figs. 10 and 11). Moreover, according to the analytical 598 

analysis of Jenkins (2016), the upslope flow is frictionally generated (i.e., purely 599 

ageostrophic) within the Ekman layer adjacent to the ice-ocean interface, and decays 600 

to zero, if ug=0 m.s-1, beyond the Ekman layer. This is consistent with our simulated 601 

results of upslope velocity. In contrast, the across-slope flow is purely geostrophic 602 

beyond the Ekman layer, which can be described by 603 

−ϕv = −gcosα ∂η
∂x

+ ρa−ρ
ρ0

g sinα = −ϕvg + ρa−ρ
ρ0

g sinα                    (28) 604 

Therefore, when the basal slope becomes larger, the across-slope flow becomes 605 

stronger outside the boundary layer, which can be reflected in Fig. 10c (dashed lines). 606 
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 607 

Fig. 10. As in Fig. 2, but for the sensitivity runs to ice shelf basal slope. 608 

 609 

Fig. 11. As in Fig. 9, but for the sensitivity runs to ice shelf basal slope. 610 
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 611 

6.3. Sensitivity to frazil ice size 612 

Owing to the complete lack of the observational evidence underneath an ice shelf, 613 

there has been no literature to date in guiding the least constrained parameter of frazil 614 

ice size. To this end, the distribution of frazil ice size is always set arbitrarily in the 615 

existing literature. Nevertheless, the frazil ice size, represented here by the frazil 616 

radius (see Table 1), is a critical parameter that directly determines the ice crystals 617 

growth and their rising velocity. In this study, we conduct two series of sensitivity 618 

runs to frazil ice size: in one, coarsening occurs across the full range of size classes 619 

(hereinafter referred to as CFR) by 0.1, 0.2, 0.3, 0.4, and 1 mm, in the other, 620 

coarsening occurs over a partial range (hereinafter referred to as CPR), excluding the 621 

finest class, by 0.1, 0.2, and 0.3 mm. 622 

The simulated results of CFR and CPR are shown in Figs. 12 and 13, 623 

respectively, including the results without frazil ice processes for comparison. With 624 

regard to CFR, the thicknesses of the mixed layer (Fig. 12a and b) and the boundary 625 

layer (Fig. 12c) increase monotonically with coarsening. This also corresponds to the 626 

enhancement of turbulence (not shown) and the deepening of the location of 627 

maximum vertical gradient of FIC (Fig. 12e). This is because coarsening retards the 628 

frazil ice growth (Jenkins and Bombosch, 1995), thus the development of the vertical 629 

gradient of FIC (Fig. 12e). However, in Fig. 12d, there is a transition of the 630 

nonuniformity of the FIC profile from a decreasing trend (NU equals 0.0081, 0.0075, 631 

and 0.0073 m-1 for from Ref to CFR-0.2 mm) to an increasing trend (NU equals 632 

0.0073, 0.0075, 0.0076, and 0.0085 m-1 for from CFR-0.2 mm to CFR-1 mm). This 633 

arises from the competition between the downward turbulent diffusion and the 634 

upward buoyant rising of frazil ice, both of which are heightened with coarsening. 635 

There is another transition for T (S) from cooling (freshening) to warming (salinizing) 636 

with coarsening. The cooling (freshening) is due to the retarding growth of frazil ice, 637 

while the warming (salinizing) results from the increased turbulent mixing with the 638 

ambient seawater as FIC diminishes. It is worth mentioning that Ref with the 639 



relatively finest frazil size does not have the largest FIC (numbers in Fig. 12d). This is 640 

probably due to the increased upslope frazil seeding because of the extension of the 641 

boundary layer (Fig. 12c), which dominates over the retarding frazil ice growth until 642 

the coarsening of 0.3 mm. The comparatively marginal responses of mixed layer 643 

properties (Fig. 13a and b) and velocity of boundary layer (Fig. 13c) in CPR confirm 644 

an important role of the size of the finest frazil ice in governing the ISW plume 645 

properties. 646 

 647 

Fig. 12. As in Fig. 2, but for the CFR runs. In addition, (e) calculated vertical profiles 648 

of the vertical gradient of FIC. Note that the calculated results without frazil ice 649 

processes are also plotted for comparison. 650 
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 651 

Fig. 13. As in Fig. 2, but for the CPR runs. Note that the calculated results without 652 

frazil ice processes are also plotted for comparison. 653 

 654 

To sum up, the vertical profile of FIC plays a vital role in controlling the 655 

supercooled ice shelf-ocean boundary layer in terms of the inhibiting effect of 656 

frazil-induced stratification on the turbulence. As shown in Fig. 14, all runs indicate 657 

that the depth where the maximum vertical gradient of FIC occurs is highly consistent 658 

with the depth of the supercooled mixed layer underneath an ice shelf (the former is a 659 

bit deeper). While the investigation thus far has focused on steady forcing, for lots of 660 

ice shelves the prominent pressure gradient forcing arises from the oscillatory tides 661 

(Jenkins, 2016). To this end, based on ASF runs, we also perform the simulations 662 
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under forcing with a diurnally oscillating vg with amplitude and time average of 0.04 663 

and 0.067 m.s-1, respectively. A general conclusion can also be drawn from the output 664 

of the last period shown in Fig. 15 that the intensity of the turbulence within the 665 

supercooled ice shelf-ocean boundary layer still depends on the vertical gradient of 666 

FIC. 667 

 668 

Fig. 14. Comparison between the calculated depths of the mixed layer underneath an 669 

ice shelf and the maximum vertical gradient of FIC within the ice shelf-ocean 670 

boundary layer. 671 
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 672 

Fig. 15. Calculated vertical profiles of (a) eddy viscosity and (b) vertical gradient of 673 

FIC of the last period in the diurnal oscillation runs (denoted by O), based on the ASF 674 

runs. 675 

 676 

7. Implications for the ice shelf-ocean coupled models 677 

Omstedt and Svensson (1984) first emphasized the turbulence damping caused 678 

by the frazil-induced stratification in their numerical study of the initial sea-ice 679 

formation in the surface oceanic layer, and then the corresponding numerical model 680 

was validated (Omstedt, 1985) using laboratory data from Tsang and Hanley (1985). 681 

However, let alone the critical role played by FIC profile in determining the vertical 682 

structure of supercooled ice shelf-ocean boundary current, the frazil ice module has 683 

been seldom encapsulated in the existing three-dimensional ice shelf-ocean coupled 684 

models (Gwyther et al., 2015; Liu et al., 2017, 2018; Mueller et al., 2018; Naughten et 685 

al., 2019). For instance, a probably unrealistic simulated local supercooling of the 686 

ISW outflow from the western Amery Ice Shelf reaches up to -1.5 oC (Liu et al., 2017, 687 

2018). Given that, based on the ASF runs, we conduct three contrast runs with no 688 

frazil-induced stratification (hereinafter referred to as NFIS) taken into account in the 689 

turbulence closure. In other words, the only difference between ASF and NFIS runs is 690 

that in the later the contribution of FIC component to the stratification is ignored in 691 
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the k − ε model. 692 

It can be seen from Fig. 16c and d that as the FIC increases, the eddy viscosity 693 

calculated in the NFIS runs is amplified to some extent. Larger FIC means more 694 

buoyancy, which accelerates the boundary layer and therefore leads to stronger 695 

advective cooling (Fig. 16a) and freshening (Fig. 16b) of the mixed layer. 696 

 697 

Fig. 16. Comparisons of calculated vertical profiles of (a) temperature, (b) salinity, (c) 698 

eddy viscosity, and (d) total FIC between simulations with and without (denoted by 699 

NFIS) frazil-induced stratification taken into account in turbulence closure, based on 700 

the ASF runs. In (d), the normal and bold numbers respectively denote the values of 701 

Ci at UB in the runs with and without frazil-induced stratification. Note that the 702 

calculated results without frazil ice processes are also plotted for comparison. 703 
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However, if the damping effect of frazil-induced stratification on the turbulence 705 

is included, the result is a pronounced reduction in the eddy viscosity (Fig. 16c). 706 

Therefore, as shown in Fig. 16d, a relatively high near-base FIC region is formed in 707 

2.0×ASF when the turbulence damping is sufficiently large, which is typically 708 

analogous to the formation of a "lutocline" near the seabed in estuaries (Kirby and 709 

Parker, 1977; Wolanski, et al., 1988). Moreover, it is worth noting that the deviations 710 

of the reduced eddy viscosity from its corresponding values in NFIS runs become 711 

increasingly larger (Fig. 16c) when the turbulence damping is further reinforced by 712 

the gradually-enhanced frazil-induced stratification (Fig. 16d). Consequently, this 713 

results in the increasingly larger deviations of ISW properties within the boundary 714 

current (Fig. 16a and b), and thus leads to the potential for inaccurate evaluation of 715 

influences of ISW outflows on ambient oceanic environments. Accordingly, it is 716 

implied that resolving sufficiently the vertical profile of FIC may be indispensable for 717 

any specific turbulence closures adopted in the existing ice shelf-ocean coupled 718 

models applied to the cold ice cavities. 719 

8. Conclusion and future works 720 

A vertical one-dimensional model proposed by Jenkins (2016) has been extended 721 

by coupling with a frazil ice module and an explicit turbulence closure (i.e., k − ε 722 

model) incorporating the effects of stratification to study the vertical structure of the 723 

supercooled ice shelf-ocean boundary current, one of the processes least studied by 724 

the Antarctic research community. The model developed in this study was used to 725 

reproduce representative profiles of measured temperature and salinity beneath 726 

several hundred meters of marine ice under the Amery Ice Shelf. This benchmark was 727 

used to extensively examine the sensitivity of the supercooled ice shelf-ocean 728 

boundary current to a variety of factors including advection of scalar quantities, 729 

far-field geostrophic currents, basal slope, and the distribution of frazil ice crystal size, 730 

which showed rather intricate responses of the ice shelf-ocean boundary current to 731 

these parameters. From these results, we can draw the following conclusions: 732 

1. The use of a constant eddy viscosity/diffusivity cannot reasonably reproduce 733 



the vertical structure of the ice shelf-ocean boundary current. As Jenkins (2016) 734 

argued, this simplification can only provide information about the fundamental 735 

structure of the boundary current but cannot quantitatively determine the scalar 736 

profiles underneath an ice shelf. 737 

2. Although there are no direct observations of the size of frazil ice crystals 738 

beneath ice shelves, it is strongly suggested that the size of the finest ice crystals 739 

playing an important role in controlling the ice shelf-ocean boundary current. 740 

3. The response of ice shelf-ocean boundary layer to the vertical gradient of FIC 741 

is to reduce appreciably the level of turbulence. This buoyant suppression of 742 

turbulence caused by frazil-induced stratification was fully accentuated in this study. 743 

In detail, the frazil-induced stratification is encapsulated in a realistic turbulence 744 

closure. The resulting eddy diffusivity in turn influences the FIC itself and other 745 

scalars (temperature and salinity), as well as hydrodynamics. Apparently, this 746 

coupling cannot be achieved by adopting a constant eddy viscosity/diffusivity, which 747 

is frequently used in the literatures. Furthermore, based on the results of all sensitivity 748 

runs, we found that the depth where the maximum vertical gradient of FIC takes place 749 

is highly consistent with the depth of the supercooled mixed layer underneath an ice 750 

shelf. 751 

This study highlights the importance of the strong interaction between the frazil 752 

ice processes and the hydrodynamics of the ice shelf-ocean boundary current. 753 

Therefore, when applied to the cold ice cavities, three-dimensional ice shelf-ocean 754 

coupled models should not only include a frazil ice module, which is generally 755 

neglected nowadays, but also sufficiently resolve the vertical gradient of FIC for the 756 

stratification-influenced turbulence closures. This has potential consequences on the 757 

overall ice shelf mass balance and Antarctic Bottom Water production. 758 

The vertical one-dimensional model developed here can also be used to evaluate 759 

the supercooled ISW plume underneath the sea ice adjacent to an ice shelf, with direct 760 

consequences on the sub-ice platelet layer thickness (Mahoney et al., 2011; Hughes et 761 

al., 2014; Robinson et al., 2014). However, careful adaption work needs to be done 762 

because of significant differences in the conditions under an ice shelf and sea ice 763 



(Cheng et al., 2019). More importantly, in the near future, it is imperative that field 764 

observations of currents and FIC be carried out near the base of either ice shelves or 765 

sea ice. 766 
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Table 1 1019 

List of parameters used in Reference run. 1020 

Parameter Value Description 

ϕ −1.362 × 10−4 s−1 Coriolis parameter 

Ni 6 Number of frazil-ice sizes 

ri,1, ri,2, … , ri,6 0.03, 0.1, 0.3, 0.5, 0.7, 0.9 mm Frazil ice radii for each class 

ar 0.02 Aspect ratio of frazil discs 

n� 1 × 103 m−3 
Average number of frazil crystals in 

all size classes per unit volume 

𝑘𝑘𝑠𝑠 0.03 m Equivalent roughness height 

Az,min 3 × 10−3 m2. s−1 Minimum eddy viscosity* 
*Not applied for Az0  1021 
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