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ABSTRACT4

Oceanic exchanges across the continental shelves of Antarctica play an important role in5

biological systems and the mass balance of ice sheets. The focus of this study is on the6

mechanisms responsible for the circulation of warm Circumpolar Deep Water (CDW) within7

troughs running perpendicular to the continental shelf. This is examined using process-8

oriented numerical experiments with an eddy-resolving (1 km) 3–D ocean model that includes9

a static and thermodynamically active ice shelf. Three mechanisms that create a significant10

onshore flow within the trough are identified: (1) a deep onshore flow driven by the melt of the11

ice shelf, (2) interaction between the longshore mean flow and the trough, and (3) interaction12

between a Rossby wave along the shelf break and the trough. In each case the onshore flow is13

sufficient to maintain the warm temperatures underneath the ice shelf and basal melt rates14

of O(1myr−1). The third mechanism in particular reproduces several features revealed15

by moorings from Marguerite Trough (Bellingshausen Sea): the temperature maximum at16

mid-depth, a stronger intrusion on the downstream edge of the trough, and the appearance17

of warm anticyclonic anomalies every week. Sensitivity experiments highlight the need to18

properly resolve the small baroclinic radii of these regions (5 km on the shelf): simulations19

at 3 km resolution cannot reproduce mechanism 3 and the associated heat transport.20
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1. Introduction21

Several studies provide evidence of an accelerating flow of the Greenland and Antarctic22

ice sheets over the last 10 years (Joughin et al. 2008; Pritchard et al. 2009; Rignot et al.23

2011). Different mechanisms have been proposed to explain the mass loss but the processes24

taking place at the floating extensions of the ice sheets (ice shelves) seem to act as a trigger25

in many cases (Nick et al. 2009; Payne et al. 2004). One hypothesis is that sub-ice shelf26

melting plays an important role in the mass loss (e.g., Holland et al. 2008a). It is particularly27

plausible in Antarctica where the large-scale atmospheric forcing raises the deep warm water28

(Circumpolar Deep Water, CDW) to the level of the continental shelf. Such warm water29

(potential temperature 1 < θ < 2◦C, or up to 4◦ above in situ freezing point θf) are present30

in several locations of the continental shelf of western Antarctica (Jenkins and Jacobs 2008;31

Klinck et al. 2004; Martinson and McKee 2012; Moffat et al. 2009; Wåhlin et al. 2010; Walker32

et al. 2007) and within some water cavities beneath the floating ice shelves (e.g., Jenkins33

et al. 2010). Apart from their potential role in the mass balance of ice sheets, cross-shelf34

exchanges of CDW are also known to impact biological systems significantly (Prézelin et al.35

2000).36

The processes responsible for the transport of CDW across the shelf break and continental37

shelf remain elusive. At the low Rossby numbers that characterize large-scale ocean currents,38

the flow direction is along the shelf break (i.e. along lines of constant linearized potential39

vorticity f/H; f is Coriolis parameter and H depth) and cross-shelf exchanges are thus40

limited. Klinck and Dinniman (2010) propose a number of mechanisms for cross-shelf ex-41

changes: (1) Ekman transport in the bottom layer, (2) deviation of the zonal flow by bottom42

corrugations (Dinniman et al. 2003; Dinniman and Klinck 2004), (3) upward displacement43

of isotherms due to an accelerating Antarctic Circumpolar Current (ACC), (4) eddy fluxes44

driven by instabilities (e.g., Nøst et al. 2011; Zhang et al. 2011a), (5) atmospheric forcing,45

and (6) formation of a buoyancy-driven cell. The relative importance of these mechanisms46

is most likely location-dependent and would vary according to several parameters, notably47
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the position of the ACC relative to the shelf break.48

Nevertheless, recent observations suggest that troughs running across the southern ex-49

tension of the ACC are particularly effective at channeling warm water toward ice shelves50

in the Amundsen and Bellingshausen seas (Walker et al. 2007; Moffat et al. 2009; Wåhlin51

et al. 2010). The mooring arrays described by Moffat et al. (2009) and Martinson and McKee52

(2012) captured several features of such warm intrusions. First, CDW is mostly found within53

the trough and other bathymetric depressions. The flow within the trough is onshore and54

has a mean velocity of 5 cm s−1 with eddy-like events that are embedded within the mean55

flow. The events are of small spatial scales (comparable to the local Rossby radius, 5 km)56

and they frequently cross the mooring array (about four times per month). These intrusions57

are much more frequent on the eastern (downstream) side of the trough.58

Some of these features are successfully reproduced in numerical simulations with 3–D59

sea ice-ocean coupled models. The simulations of Dinniman et al. (2011) show CDW being60

effectively advected within the large troughs fringing the shelf of the Ross and Bellingshausen61

seas. Interestingly, the authors note a significant correlation (R = 0.44) between longshore62

winds upstream of a trough and the flux of CDW within the trough. The periodicity and63

duration of these intrusions are consistent with the data from Moffat et al. (2009). On the64

other hand, the model resolution (4 km) only resolves the larger troughs, and the potentially65

important eddy-like events described by Moffat et al. (2009) cannot be reproduced at such66

model resolution.67

This study aims to complement the scarce observations and previous modeling efforts at68

coarse resolutions (e.g. Hellmer et al. 2012; Steig et al. 2012) by describing process-oriented69

simulations of cross-shelf exchanges in the presence of a trough. The horizontal resolution of70

the model (1 km) is sufficient to explicitly resolve the potentially important mesoscales. The71

specific objectives are: (1) to identify the mechanisms responsible for the onshore transport72

of warm CDW and (2) to estimate the onshore heat transport associated with each of these73

mechanisms. We examine these issues with a model configuration representative of the74
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continental shelf in the Bellingshausen Sea and west Antarctic Peninsula (wAP).75

2. Theory76

a. Heat Budget for Warm Antarctic Continental Shelves77

Continental shelves in western Antarctica are characterized by anomalously warm ocean78

temperatures (θ − θf ∼ 3◦C, see Nicholls et al. 2009, their Fig. 1). Conditions inside the ice79

cavities are more difficult to observe, but recent data from the Amundsen Sea reveal that80

the water with access to the grounding zone (the point where the ice shelf meets the solid81

ground) has properties that are very similar to those 400 km offshore (Jacobs et al. 2011,82

their Fig. 2). This suggests a strong circulation of warm water that reaches inside the cavity83

and maintains its mean temperature close to that of the inflow. It will be shown in the84

next sections that the melt of the ice shelf and the circulation on the shelf are, in this limit,85

mostly uncoupled.86

The thermodynamics of warm ice cavities was investigated previously by Little et al.87

(2009). Their model domain is limited to the ice cavity and the external ocean conditions88

(temperature and salinity) that drive the melt are prescribed at a given distance from the89

grounding zone. In simulations with warm ambient waters θ = 1.5◦C, the melt rate is90

primarily limited by the entrainment (vertical mixing) of heat from the deep warm layer to91

the under-ice boundary layer, and this entrainment strongly depends on the slope (geometry)92

of the ice shelf (Little et al. 2009).93

In this study we are primarily interested in the circulation of CDW water on warm94

continental shelves. A convenient metric for this circulation is the onshore heat transport95

defined as:96

OHT(y, t) ≡

0
∫

−H

Lx
∫

−Lx

−vH(−v) (θ − θf) ρ0 cp dx dz (1)97

where −Lx < x < Lx is the along-shelf extent of the model domain, v is the seaward98

4



component of velocity, H(−v) is the Heaviside function worth 1 for onshore flow and zero99

otherwise, ρ0 a density reference, and cp = 4× 103 J (kgK)−1 the specific heat. A large OHT100

implies that the waters offshelf and onshelf are closely connected by the exchanges within101

the trough.102

The conditions on cold continental shelves differ considerably from those of west Antarc-103

tica. Easterly winds and coastal downwelling (Sverdrup 1953), surface heat loss to sea ice104

and the atmosphere, and strong katabatic winds contribute to a very distinct temperature105

front (∆θ > 1.75◦C) separating warm CDW offshelf and near-freezing waters onshelf (e.g.,106

Nøst et al. 2011, their Fig. 1). In contrast, wind reanalyses (NCAR 2010) and cross-shelf107

transects (Moffat et al. 2009) reveal weak onshore winds in the Bellingshausen Sea and a108

small temperature gradient ∆θ ∼ 0.3◦C between onshelf and offshelf waters.109

b. Cross-Shelf Exchanges in Presence of Cross-Shelf Topography110

A good description of the response of a stratified flow U to topography is provided by111

Fennel and Schmidt (1991). These authors solve the non-linear quasigeostrophic equation112

and derive analytical solutions for the cases of a trough infinite in the cross-stream direction113

(y) and for a circular abyss (a trough of finite length would share features from these two114

limiting cases). The two scenarios follow a similar evolution. In the early stage (t < L/U ,115

L being a length scale for the topography), vortex stretching (squashing) of the deeper116

layers take place on the upstream (downstream) side of the trough and generate a cyclonic117

(anticyclonic) vortex (e.g., Huppert and Bryan 1976, their Fig. 2). After a transient period118

t > L/U , the downstream vortex is eventually advected with the mean flow and the upstream119

vortex occupies the whole trough. Topographic waves are also generated if the trough has a120

finite length and they propagate along the isobaths that act as waveguides. Their period is121

given by (Fennel and Schmidt 1991):122

Ttop =
4πH0

f Htrough

[

1−
2R1

a
ln

(

2− 2 cos

[

πHtrough

H0

])]

−1

, (2)123
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where H0 is the depth of the continental depth, Htrough and a are scales for the depth and124

width of the trough, and R1 is the first baroclinic Rossby radius. Using the half-depth and125

half-width of the trough for parameters Htrough, a gives a period Ttop ∼ 5.4 days.126

A similar response to topography is described in the literature on ocean canyons. After127

an initial transient period, stretching in the deep layers in contact with the topography128

leads to a cyclonic circulation over the canyon (see Allen and Hickey 2010, for a review).129

The circulation involves the flow crossing isolines of f/H and this behavior is explained by130

momentum advection (see Allen and Hickey 2010, for a detailed analysis of the dynamics).131

Another mechanism that can lead to cross-shelf exchanges within troughs is eddy-topography132

interactions. Zhang et al. (2011b, their Fig. 4) show how a Rossby wave propagating along-133

shelf breaks as it reaches the downstream edge of an embayment. The wave breaking process134

produces on average a net transport of properties in the cross-shelf direction. Similarly,135

Holloway (1992) proposes under a number of assumptions that the mean barotropic flow136

resulting from interactions among random eddies would be to the left of the topographic137

gradient ∇H in the southern hemisphere (f < 0). For a trough in Antarctica, this means138

again a cyclonic circulation.139

3. Method140

a. Model Description141

The numerical simulations are conducted with the ROMS ocean model (Regional Ocean142

Modeling System version 3.4; Shchepetkin and McWilliams 2008; Hedström 2009) that solves143

the 3–D hydrostatic Boussinesq primitive equations. The model domain is 600×300 km and144

represents an idealized coastal segment in western Antarctica. It includes a deep offshore145

area, a flat continental shelf, and an ice shelf cavity (Fig. 1). The depths are zonally uniform146

(except for the trough and ice shelf) and vary from 3000m in the oceanic part to 500m on the147

continental shelf, which matches conditions in the Bellingshausen Sea and west Antarctic148
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Peninsula. The ice shelf thickness is 400m at the grounding line and linearly decreases149

to zero over a 110 km distance. Following Little et al. (2009), the sides of the cavity are150

smoothly tapered in the zonal direction rather than being straight walls. A trough is added151

to the continental shelf and provides a connection between the ice shelf cavity and the waters152

off the shelf break. The geometry of the trough approximately follows that of Marguerite153

Trough (40 km wide and 150m deep, see Dinniman et al. 2011). The meridional variation of154

f is included in the model but it plays a negligible role compared to topographic variations.155

Lateral boundaries are set to no-slip.156

The ice shelf is static but thermodynamically active so that it interacts with the ocean157

physics (see Dinniman et al. 2007). Both the mechanical (pressure, quadratic friction) and158

thermodynamical effects of the ice shelf on the waters beneath are included. Following159

Holland and Jenkins (1999), the heat and salt transfer coefficients are functions of the friction160

velocity. The vertical discretization of the ocean model has 32 topography-following (σ) levels161

concentrated near the surface and bottom, so that the dynamics underneath the ice shelf are162

relatively well resolved (∆z ≈ 3m at the grounding line). The horizontal resolution of the163

model is constant over the domain and equal to 1 km. Such high resolution is necessary to164

resolve the mesoscale structures given the small baroclinic Rossby radii (5 km on the shelf).165

b. Forcings and Initial/Boundary Conditions166

It is assumed as a first approximation that the system is primarily forced by the large-167

scale zonal flow observed in western Antarctica. This geostrophic flow corresponds to the168

southern part of the ACC and can be prescribed by setting the salinity (S) and potential169

temperature (θ) fields over the western and eastern open boundaries. The effect of the170

mean wind stress forcing is assumed to be included in these S, θ conditions. Local transient171

winds are neglected under the assumption that they would only contribute to transient172

perturbations from the mean geostrophic state. Similarly, sea ice is not included in these173

simulations since it is expected to have a weak influence on the flow (data from AMSR-E174
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(Advanced Microwave Scanning Radiometer, Cavalieri et al. 2004) show a mean ice cover of175

only 25% over the shelf break of the Bellingshausen Sea in 2010).176

The initial and boundary conditions for S, θ are derived from vertical profiles taken across177

the shelf of the Bellingshausen Sea (Jenkins and Jacobs 2008, their Fig. 2). They show a178

deep (∼ 100m) surface layer that is close to the freezing point and separated from a warm179

deep layer (CDW, θ > 1◦C) by a strong thermocline. The salinity profiles similarly show180

a stratified surface layer extending down to 300m and a deep salty (S > 34.7 psu) layer181

underneath. How this vertical structure evolves in the cross-shelf direction is determined182

from a set of assumptions: (1) the zonal transport per unit width (u(y)H(y)) is 300m2 s−1
183

offshore (the overline denotes a vertical average) and smoothly goes to zero at the upper184

shelf break (Fig. 2). (2) The zonal flow is in geostrophic balance and vanishes at the sea185

bottom. (3) The isotherms and isohalines share the same slope. (4) The S, θ profiles can be186

approximated as piecewise linear functions of Shc(y), θtc(y) (e.g., Holland et al. 2008b):187

S(y, z) ≡



















































S1 if z1 < z < 0,

S1 + (z1 − z2)
−1 (z1 − z)(Shc(y)− S1) if z2 < z < z1,

Shc(y) + (Hmax + z2)
−1 (z2 − z)(S2 − Shc(y)) if −H(y) < z < z2,

where S1 = 32.9 psu, S2 = 35.0 psu, Shc(y) = S(y, z = z2),

z1 = −25m, z2 = −350m,

(3)188

189

θ(y, z) ≡



















































θ1 if z1 < z < 0,

θ1 + (z1 − z2)
−1 (z1 − z)(θtc(y)− θ1) if z2 < z < z1,

θtc(y) + (Hmax + z2)
−1 (z2 − z)(θ2 − θtc(y)) if −H(y) < z < z2,

where θ1 = −1.8◦ C, θ2 = 0.5◦ C, θtc(y) = θ(y, z = z2),

z1 = −100m, z2 = −350m,

(4)190

where the subscripts hc,tc refer to the halocline and thermocline. The four assumptions191

lead to two equations (prescribed uH and pressure gradient vanishing at bottom) for two192

unknowns ((∂η/∂y)(y) and Shc(y), where η is the sea surface elevation). The equation set is193

solved at each location y starting from y = 0.194
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The resulting fields (Fig. 2) can be compared to the S, θ transect measured by Jenkins195

and Jacobs (2008, their Fig. 2) and to geostrophic velocities estimated from density profiles196

(Fig. 3). The temperature at the grounding line is about three degrees above the in situ197

freezing point. The sloping bathymetry at the break causes the steepening of the isohalines198

and the formation of a shelf break jet (sbj) with maximum speeds u = 0.5m s−1 and u =199

0.3m s−1 (Fig. 2). These velocities are consistent with those obtained in realistic simulations200

of the Bellingshausen Sea (Dinniman et al. 2011). The sea surface elevation η varies between201

zero at the shelf break to 0.4m at the northern boundary (Fig. 2). The density field produces202

a baroclinic Rossby radius of about 5 km on the shelf and up to 13 km offshore (Fig. 2).203

These fields are used as the initial and boundary conditions of the model. The western204

and eastern boundaries are open while the northern side is a solid wall (Fig. 1). All variables205

are gradually relaxed toward the initial conditions within nudging zones that are 100 km206

wide. The relaxation timescale τ smoothly varies in the western nudging layer as (e.g.,207

Nycander and Döös 2003, their Eq. B17):208

1

τ
=

1

2∆t

[

1 + cos
(

π
x

100 km

)]

(5)209

where x is the distance from the boundary and ∆t is equal to 2 s for 2–D momentum and210

1 day for 3–D momentum and tracers. A similar function is used at the eastern boundary.211

c. Simulations Conducted212

A total of 13 model simulations are conducted (Table 1) to examine the influence of each213

of these parameters: presence/absence of a trough, thermodynamical exchanges between the214

ocean and the base of an ice shelf, speed of the longshore flow, position of the maximum215

flow (y(jet)), and mesh size. In all these simulations the boundary conditions S, θ,u are216

held constant in time and model fields are saved every 12 hours. Some of these simulations217

deserve further explanation. In Runs #3,4, the function u(y)H(y) is modified to represent218

a wide sbj that extends further inshore by 12 km (Fig. 2). This modification alone would219
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yield levels of shear ‖∂u/∂z‖ greatly exceeding those from the other runs (since H decreases220

toward the shore). To ease the comparison with the other runs, ‖∂u/∂z‖max is maintained at221

8× 10−4 s−1 by decreasing the value of uH offshore from 300 to 90m2 s−1 (Fig. 2). Finally,222

Runs #13–16 are used to determine the sensitivity of the onshore heat transport to variations223

in jet speed and jet position. Note that the explicit horizontal eddy viscosity is the same in224

all the simulations irrespective of the horizontal resolution ∆x (harmonic 1m2 s−1).225

4. Results226

a. Basic Case: Circulation and Melt in Absence of Trough227

We first examine the case of a continental shelf without a trough (Run #1). In such case,228

the dynamics on and off the shelf are independent: the jet (and the mesoscale structures229

associated with it) remain close to the shelf break, while the waters on the shelf are at rest230

except in the vicinity of the ice cavity. The deep warm water from the cavity initiates the231

melt of the ice shelf within the first few days of simulation. This melt acts to depress the232

isopycnals (that were initially flat, see Fig. 2) and increases the local stratification. The233

sloping isopycnals in turn generate by thermal wind a shallow westward flow and a deep234

eastward flow. The circulation over the neutral density surface γ2 ≡ 1027.8 kgm−3 well235

represents this deep circulation (Fig. 4; z(γ2) ∼ −300m). Meridional flow mostly occurs236

along the side walls where lateral friction allows the fluid to cross f/H isolines (e.g., Little237

et al. 2008). The streamlines of the deep current gradually disappear along the southern238

side of the cavity as this deep water is being upwelled to upper layers.239

The basal melt rate rapidly stabilizes (within 10 days of simulation) toward a constant240

value of 5.8my−1 (average over the area of the ice shelf). This vertical heat transfer from241

the ocean to the ice shelf is proportional to the temperature difference θ − θice = θ − θf242

(Holland and Jenkins 1999, θice is the temperature at the base of the ice shelf and θf the in243

situ freezing point). The heat transfer varies spatially and the bulk (70%) of it takes place244
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within 20 km of the grounding line. At the grounding line, the ice shelf is in direct contact245

with the warm bottom layer and the depression of θf with pressure contributes to 0.3◦C in246

the temperature difference θ−θf . Another factor contributing to the non-uniform basal melt247

pattern is a thin layer of fresh water that covers the whole ice shelf and shields it from the248

warm ambient waters except at the grounding line.249

b. First Mechanism: Melt-Driven Flow inside the Trough250

We now add to the basic model setup a trough connecting the ice cavity to the shelf break251

(Run #2). We focus on the deep layer of density γ2 since it is representative of the warm252

bottom waters involved in the cross-shelf exchanges. Within the first days of simulation, the253

deep eastward flow described earlier is steered by the trough, veers northward, and leaves254

the ice cavity along the western edge of the trough. This outflow is compensated by another255

deep current that brings waters from the shelf break to the cavity along the middle of the256

trough. The mean circulation (Fig. 5) thus includes two sources of warm deep water to the257

cavity: first an inflow along the western wall of the cavity, and an inflow of shelf break waters258

coming along the trough.259

The two sources contribute equally to the onshore heat transport that amounts to 2.6×260

1012W at y = 99 km (40% higher than in Run #1; the transport is relative to in situ θf).261

Despite the higher heat inflow, the basal melt rate is similar to that of Run #1 (5.9my−1).262

As mentioned previously, the melt rate in a warm cavity is not expected to depend directly263

on the onshore heat transport (see Section 2). The additional 40% simply circulates in and264

out of the cavity. The circulation over the upper layers and the spatial distribution of the265

basal melt are similar to the case without a trough (Fig. 4).266
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c. Second Mechanism: Mean Flow-Topography Interaction267

A second mechanism for cross-shelf exchanges within the trough appears when we in-268

troduce a wide, eastward shelf break jet (sbj) that flows across the entrance of the trough269

(Run #3). For simplicity, we consider the idealized case where the friction velocity at the270

base of the ice shelf,
√

τsurf/ρ0, is set to zero. This choice removes ice shelf thermodynamics271

as a driving mechanism and sets a free-slip condition at the ice shelf-ocean boundary. During272

the first five days of simulation, vortex stretching (squashing) forms a cyclonic (anticyclonic)273

vortex on the upstream (downstream) side of the trough (Fig. 6). Over the following days,274

the cyclonic vortex gradually takes over the trough and sets a dominantly cyclonic flow. This275

sequence is in agreement with the theoretical scenario of mean flow-topography interaction276

described by Fennel and Schmidt (1991), and qualitatively similar to the flow pattern in277

advection-driven canyon upwelling (see Section 2). As a result of this circulation, an on-278

shore heat transport rapidly develops (within five days) along the trough. Its magnitude at279

y = 99 km is of the same order of magnitude as for the previous mechanism (∼ 3× 1012W).280

Superimposed on this circulation, a Rossby wave appears within the shelf break jet after281

ten days of simulation (Fig. 6) and propagates toward the east. The growth of such wave282

is expected since the jet is strongly sheared in the horizontal and vertical (Fig. 2) and283

thus unstable. Some mesoscale structures move onto the shelf and are advected within the284

trough. An important point however is that this mesoscale variability is not necessary for the285

development of the onshore heat flux in this simulation. An additional calculation (Run #4)286

was conducted at a coarser eddy-permitting resolution (3 km) and an intrusion (very similar)287

also develops. The onshore heat transport for Runs #3 and 4 are similar.288

d. Third Mechanism: Wave-Topography Interaction289

A different mechanism comes into play when the sbj is moved offshore so that the stream-290

lines do not run directly over the entrance of the trough (Runs #5,6,7,11; see Fig. 2). The291
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flow within the trough develops slowly and is dominated by topographic waves. The waves292

have a period of 7±1 days (estimated from a y-t Hovmöller diagram and close to Eq. 2) and293

propagate cyclonically around the trough. This period approximately matches that of the294

Rossby wave (similar to the one of Run #3) that appears within the sbj after 10 days of sim-295

ulation. The Rossby wave corresponds to cyclonic (low potential vorticity q = (ζ + f) /h,296

where ζ is the relative vorticity and h the thickness δρ ∂z/∂ρ) and anticyclonic (high q)297

anomalies propagating eastward at about 5 cm s−1 (Fig. 7). The waters offshore (onshore)298

have higher (lower) q because the isopycnals deepen northward.299

Within a few days of simulation the Rossby wave starts to break (the sign of ∂q/∂y300

reverses twice between y = 200 and y = 225 km; Fig. 7). The breaking of the wave is301

most intense over the eastern edge of the trough. At this location, the high q (anticyclonic)302

anomalies clearly separate from the shelf break in a way qualitatively similar to Zhang et al.303

(2011b, their Fig. 4). The warm (Fig. 8) anticyclones then follow lines of constant f/H by304

moving southward along the eastern edge of the trough. Over time, the accumulation of the305

anticyclonic anomalies forms a tongue that progresses onshore and eventually reaches the306

cavity after 80 days of simulation (Figs. 7,8).307

The low-frequency circulation (obtained from a 20-day block average that filters the308

topographic waves, see Fig. 9) closely matches the development of the tongue. An onshore309

flow of speed v ∼ −5 cm s−1 takes place along the inner part of the trough and a return310

flow is apparent along the outer part. Note the absence of a cyclonic cell within the trough311

(compare Figs. 6,9). The onshore heat transport at y = 99 km grows slowly and reaches312

4 × 1012W after 200 days of simulation. In contrast with the previous mechanisms, the313

cross-shelf exchanges of Mechanism 3 are sensitive to the model resolution. The onshore314

heat transport decreases by an order of magnitude (to 1011W) if a coarser eddy-permitting315

resolution of 3 km is used (Run #6). This is a strong indication that mesoscales play an316

important role in this mechanism. Also, reducing the velocity of the jet from 0.58m s−1
317

to 0.38m s−1 (0.19m s−1) increases the stability of the jet and decreases the heat transport318
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by 55% (80%; see Fig. 10). Similarly, moving the jet away from the trough inhibits the319

wave-topography interaction and the heat transport decays by an exponential factor for a320

displacement ∆y of one Rossby radius (Fig. 10).321

e. Combined Effect of Thermodynamics, Shelf Break Jet, and Trough322

Run #7 combines the effect of ice shelf melt, the trough, and the sbj. The flow over323

the deep layer γ2 that represents the warm water (Fig. 11) is qualitatively a superposition324

of the flow from Run #2 (melt-driven circulation, no sbj) and Run #5 (sbj, no melt). We325

notably recognize the cyclonic circulation within the cavity (associated with the melt-driven326

circulation), and the intrusion of warm anticyclonic anomalies (high ψ values) over the327

eastern side of the trough (due to the wave-topography interaction). There is a regularity328

(every 6.5 days) at which the warm anomalies appear at the entrance of the trough (Fig. 12)329

and it matches the propagation speed (∼ 5 cm s−1) and wavelength (∼ 2π × 5 km) of the330

Rossby wave along the shelf break.331

The combination of these two mechanisms (melt-driven circulation and wave-topography332

interactions) leads after 100 days of simulation to intrusions on both sides of the trough, the333

intrusion on the eastern side being dominant. Overall the trough contributes to 75% of the334

onshore heat transport at y = 99 km, while the deep inflow on the western side of the cavity335

provides the remaining 25%. For comparison, 50% of the heat was supplied by the trough336

in the run without a sbj (Run #2). The onshore transport grows steadily over the duration337

of Run #7 (347 days) as the ice melt does not balance the onshore transport of ocean heat.338

The extra heat circulates in and out the cavity and the basal melt rate remains 5.9my−1
339

(see the next section for a detailed heat budget of Run #7).340
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f. Onshore Heat Transport341

The heat transported to the ice cavity at y = 99 km (Fig. 13) is a good diagnostic342

for the comparison of the different simulations. Mechanisms 1 and 2 (the buoyancy-driven343

circulation and the mean flow-topography interaction, Runs #2,4 respectively) both lead to344

an onshore heat transport that grows and stabilizes within a short period of time (20 days).345

This is in contrast to Mechanism 3 (wave-topography interaction, Run #5 and Fig. 9)346

where the onshore heat transport increases gradually during the simulation. The three347

mechanisms provide a similar amount of heat to the ice cavity after 140 days of simulation348

(∼ 2.5 × 1012W, comparable to Walker et al. (2007)). Although the simulations were not349

designed to determine which of these mechanisms is the most effective in realistic conditions,350

the key result is that any of them can provide a significant amount of heat to the ice shelf.351

An important caveat is that Mechanism 3 is poorly captured in simulations with non-eddy352

resolving resolutions. The onshore heat transport at t = 150 days is approximately halved353

with ∆x = 2km, and becomes negligible with ∆x = 3km (Fig. 13).354

The depth-integrated heat content on the shelf (horizontally averaged between y = 0355

and 180 km, Fig. 13) provides an additional diagnostic. The curves cluster into two groups356

depending on the presence or absence of thermodynamics. Active thermodynamics cause a357

general decrease of about 30MJm−2 over the first 40 days. Also, the heat content increases358

slightly in all the simulations but this increase plays a small role in the heat budgets. For359

instance, the budget for the cavity of Run #7 (averaged between days 40–160) has a heat360

inflow ∼ 3.8 × 1012 W, heat outflow ∼ 2.2 × 1012 W, surface flux ∼ 1.4 × 1012 W, and a361

temperature change Vcavitycpρ0 ∂T/∂t ∼ 1011 W (Vcavity is the volume of the ice shelf cavity).362

The majority of the heat inflow (75%) is from the through and the increase in the heat363

content of the continental shelf (Fig. 13) is also concentrated along the trough (Fig. 8) at364

mid-depth. For example, the temperature change ∆θ between initial time and day 347 at365

(x, y) = (300 km, 120 km) is maximum at a depth of 310m with ∆θ = +0.3◦C (Run #7).366

The mean heat transport includes the contribution of warm anticyclonic anomalies (see367
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Section 4d) apparent in the standard deviation of the temperature field (Fig. 14). The368

anomalies are centered at mid-depth (∼ 300m) in agreement with the observations of Moffat369

et al. (2009, their Fig. 11). Their horizontal path follows the eastern side of the trough as370

already noted in Figs. 7,8.371

5. Discussion372

A limitation of the study is that the geometry of the model domain is idealized and373

fixed to match the conditions observed in the Bellingshausen Sea and the west Antarctic374

Peninsula. Little et al. (2008) examined the effect of varying the shape of the continental375

shelf, and concluded that typical slopes ∂H/∂y ∼ 10−3 have a relatively small impact on376

the melt and circulation under an ice shelf. We also note that the slope ∂H/∂x associated377

with the trough is relatively steep (close to 10−2) and the mechanisms identified in the study378

should be qualitatively robust to variations in the geometry of the continental shelf. Another379

geometric parameter is the ice shelf itself, whose shape controls the melt rate in warm cavities380

by influencing the entrainment of heat in the ice-ocean boundary layer (Little et al. 2009).381

The general patterns of melt and circulation seem, however, to remain qualitatively the same382

irrespective of the ice shelf slope.383

The results of this study were obtained with an eastward sbj (corresponding to conditions384

in western Antarctica) and may differ from those with a westward sbj (free waves propagate385

toward the west in Antarctica and this contributes to asymmetries in the dynamics). More-386

over, the third mechanism identified (wave-topography interaction) is resolution dependent387

and unlikely to be captured in the global models used to estimate sea level rise. Further work388

would be required to fully understand the third mechanism and to ultimately parameterize389

its contribution to onshore heat transport in coarse global models.390

Another simplification made in the study is the neglection of surface fluxes over the open391

ocean. In presence of significant vertical mixing, surface fluxes can cool down the deep warm392
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inflows coming from the shelf break. Surface fluxes can also contribute to increase the basal393

melt of ice shelves in certain cases. Hattermann et al. (2012) report waters warmed by solar394

radiation intruding underneath the Fimbul ice shelf in the eastern Weddell Sea.395

6. Summary and Conclusions396

The objective of this study is to describe mechanisms responsible for heat exchanges397

within a trough on the Antarctic continental shelf. Three different mechanisms are identified:398

(1) a meridional melt-driven flow within the trough, (2) the interaction of the mean flow with399

the topography, and (3) the interaction of a Rossby wave with the topography (corresponding400

to mechanisms 6, 2, 4 of Klinck and Dinniman (2010) respectively; see Introduction). These401

mechanisms are not exclusive and may occur simultaneously (e.g. Run #7) and compete402

with each other.403

It is worthwhile noting that these mechanisms explain a number of features seen in404

observations. For mechanisms 2 and 3, the main pathway for onshore heat transport is the405

eastern side of the trough (e.g., Moffat et al. 2009). Also, the ROMS simulations show warm406

anticyclones produced at the entrance of the trough every 6.5 days, as in the observations407

(four times per month).408

The forcing is held constant in all the simulations and the time-variability described409

(notably the 6.5 days timescale) corresponds to the internal variability of the system. This410

represents a new interpretation for the timescale of the intrusions observed by Moffat et al.411

(2009). An alternate explanation was suggested by Dinniman et al. (2011) who showed from412

realistic simulations at 4 km resolution a significant correlation between the intrusions and413

the local winds. Additional numerical simulations that combine winds and eddy-resolving414

resolutions will be necessary to reconcile these results.415

The onshore heat transport was also estimated for each of the simulations. An important416

result is that any of the three mechanisms leads to a significant circulation of slope water417
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and a substantial onshore heat transport (O(1012)GW). This is comparable to observations418

(Walker et al. 2007) and equivalent to 1GW per km of coastline assuming one large trough419

per 1000 km.420
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Prézelin, B. B., E. E. Hofmann, C. Mengelt, and J. M. Klinck, 2000: The linkage between508

Upper Circumpolar Deep Water (UCDW) and phytoplankton assemblages on the west509

Antarctic Peninsula continental shelf. J. Mar. Res., 58, 165–202.510

Pritchard, H. D., R. J. Arthern, D. G. Vaughan, and L. A. Edwards, 2009: Extensive511

dynamic thinning on the margins of the Greenland and Antarctic ice sheets. Nature, 461,512

971–975, doi:10.1038/nature08471.513

Rignot, E., I. Velicogna, M. R. van den Broeke, A. Monaghan, and J. Lenaerts, 2011:514

Acceleration of the contribution of the Greenland and Antarctic ice sheets to sea level515

rise. Geophys. Res. Lett., 38 (L05503), doi:10.1029/2011GL046583.516

22



Shchepetkin, A. F. and J. C. McWilliams, 2008: Computational kernel algorithms for fine-517

scale, multi-process, long-time oceanic simulations. Handbook of Numerical Analysis, Vol.518

XIV: Computational Methods for the Ocean and the Atmosphere, P. G. Ciarlet, R. Temam,519

and J. Tribbia, Eds., Elsevier Science, Vol. 14, 121–183, doi:10.1016/S1570-8659(08)01202-520

0.521

Steig, E. J., Q. Ding, D. S. Battisti, and A. Jenkins, 2012: Tropical forcing of Circumpolar522

Deep Water inflow and outlet glacier thinning in the Amundsen Sea embayment, West523

Antarctica. Annals of Glaciology, 53 (60), doi:10.3189/2012AoG60A110.524

Sverdrup, H. U., 1953: The currents off the coast of Queen Maud Land. Særtrykk av Norsk525

Geografisk Tidsskrift, 14, 239–249.526
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List of Tables539

1 Numerical simulations conducted in the study. uH is the depth-integrated540

velocity of the longshore flow, y(jet) is the position of the shelf break jet, and541

∆x the grid resolution. 25542
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Table 1. Numerical simulations conducted in the study. uH is the depth-integrated velocity
of the longshore flow, y(jet) is the position of the shelf break jet, and ∆x the grid resolution.

Run Trough Thermo. uH y(jet) ∆x Duration Short Name
# (m2 s−1) (km) (km) (Days)
1 No Yes 300 218 1 59 No trough
2 Yes Yes — — 1 143 No jet
3 Yes No 90 206 1 40 Wide jet
4 Yes No 90 206 3 200 Wide jet 3 km
5 Yes No 300 218 1 210 No thermo
6 Yes No 300 218 3 347 No thermo 3 km
7 Yes Yes 300 218 1 347 Control run
11 Yes No 300 218 2 347 No thermo 2 km
13 Yes No 300 223 1 91 5 km seaward
14 Yes No 300 228 1 91 10 km seaward
15 Yes No 200 218 1 85 Slow jet 1
16 Yes No 100 218 1 85 Slow jet 2
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List of Figures543

1 Geometry of the idealized ice shelf-coastal domain. (Left) Side view. (Right)544

Top view. The contour lines are the thickness of the water column (interval545

50m). 29546

2 Initial and boundary conditions used in Runs #1,5,6,7,11. (Top left) Salinity547
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variation of various parameters. See text for definition of symbols. 30551

3 Geostrophic jet along the shelf break of the Bellingshausen Sea. Profiles are552
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zero at the bottom. Positive values are out of the page (northeastward). The555

location of the profiles is shown in the inset. 31556

4 (Top) Mean circulation over a deep isopycnal (γ2 ≡ 1027.8 kgm−3, z ∼557

−300m) for the case with no trough (Run #1). The contour interval for558
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shelf break jet (Run #2). The contour interval for the streamfunction ψ is564
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of the trough and that of the ice shelf. 33566

6 As in Fig. 5 but for the case with a wide shelf break jet and no thermodynamics567
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(DV) means Upstream (Downstream) Vortex. 34569
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9 As in Fig. 5 but for the case with a shelf break jet and no thermodynamics576
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(Run #7). 39584
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with n = 0, 1, 2, ... 40588

13 (Top) Onshore heat transport at the entrance of the cavity (y = 99 km; the589

transport is relative to in situ freezing point). (Bottom) Change in heat590
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The numbers in the legend refer to the run numbers (see Table 1). 41592
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14 (Top) Standard deviation of potential temperature θ across the plane y =593

155 km. The ‘steps’ in the bathymetry are plotting artefacts and the model594

bathymetry is actually smooth. (Bottom) Same as above but at 300m. White595

contour lines are water column thickness (interval 100m). Results are aver-596
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Fig. 5. Mean circulation over the deep isopycnal γ2 in the case with a trough and no shelf
break jet (Run #2). The contour interval for the streamfunction ψ is 102m2 s−1 and the flow
is to the right of ∇ψ. The gray lines give the extent of the trough and that of the ice shelf.

33



0

50

100

150

200

-1000 0 1000

Streamfunction (m
2
s

-1
)

0

50

100

150

200

-1000 0 1000

Streamfunction (m
2
s

-1
)

0

50

100

150

200

-1000 0 1000

Streamfunction (m
2
s

-1
)

Snapshot

Day 5

Snapshot

Day 10

Snapshot

Day 15

UV
DV

UV

DV

UV

DV

0

50

100

150

200

-1000 0 1000

Streamfunction (m
2
s

-1
)

Snapshot

Day 20

UV DV

0

50

100

150

200

100 150 200 250 300 350 400 450 km

-1000 0 1000

Streamfunction

(m
2
s

-1
)

UV Average

Days

0-40

Fig. 6. As in Fig. 5 but for the case with a wide shelf break jet and no thermodynamics
(Run #3). White areas are where the isopycnal outcrops the bottom. UV (DV) means
Upstream (Downstream) Vortex.
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Fig. 7. Potential vorticity q of the deep isopycnal γ2 for the case with a shelf break jet and
no thermodynamics (Run #5). The gray lines give the extent of the trough.
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Fig. 8. Potential temperature θ of the deep isopycnal γ2 for the case with a shelf break jet
and no thermodynamics (Run #5). The gray lines give the extent of the trough.
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Fig. 9. As in Fig. 5 but for the case with a shelf break jet and no thermodynamics (Run #5).
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Fig. 10. Sensitivity of mean Onshore Heat Transport (OHT) to the position and velocity of
the jet (Mechanism 3; Runs #5,13–16). The transport is non-dimensionalized by its value
from the control simulation (Run #5). The solid lines are exponential regressions to the
data points. The Rossby radius of deformation is 6.9 km at y = 220 km.
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Fig. 11. As in Fig. 5 but for the case with a shelf break jet and thermodynamics (Run #7).
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Fig. 12. (Top) Temperature anomaly at 300m at the entrance of the trough. The sampling
interval is 0.5 days. (Bottom) Lagged-correlation of the temperature anomaly timeseries
with itself. Correlation is high for lags Ti = ±6.5n days with n = 0, 1, 2, ...
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Fig. 13. (Top) Onshore heat transport at the entrance of the cavity (y = 99 km; the
transport is relative to in situ freezing point). (Bottom) Change in heat content over the
continental shelf including the ice cavity (0 < y < 180 km). The numbers in the legend refer
to the run numbers (see Table 1).
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Fig. 14. (Top) Standard deviation of potential temperature θ across the plane y = 155 km.
The ‘steps’ in the bathymetry are plotting artefacts and the model bathymetry is actually
smooth. (Bottom) Same as above but at 300m. White contour lines are water column
thickness (interval 100m). Results are averaged over days 153–279 (Run #7).
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