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Abstract16

Understanding the driving processes at stake for the Circumpolar Deep Water (CDW)17

intrusion onto the Amundsen shelf is crucial. We use a multi-decadal ocean simulation18

at 1/12° to revisit the ocean dynamics at the Amundsen shelf break, distinguishing a west-19

ern fresh shelf and an eastern warm shelf. While the prevailing presence of the Antarc-20

tic Slope Current - fed to the east of Russel Bay through vortex stretching of an outflow21

of melted waters - blocks CDW intrusions in the west, the contact of Antarctic Circum-22

polar Current (ACC) branches along the shelf in the east favors this inflow. Of partic-23

ular importance is a southern ACC branch initiated to the south-east of the Ross Gyre,24

which interacts with the topography at the entry of the western Pine Island-Thwaites25

trough. Then, we link the ocean interannual-to-decadal variability at the shelf break with26

the ice-shelf basal melting and create a Fresh-Warm Boundary Index (FWBI) to follow27

the oscillation of the fresh-warm shelves limit through time in Russel Bay, which could28

be a focal point to understand the low frequency fluctuations of the basal melt. We sug-29

gest that not only a wind-induced Ekman pumping could favor the CDW inflow at the30

shelf break, but also topographic interactions, a bottom Ekman transport, a sea-ice–induced31

Ekman pumping resulting from strong surface currents, and the baroclinicity of the east-32

ward along-shelf current in the west. Finally, we highlight that El Niño-Southern Os-33

cillation has no strong correlation with the ice-shelf basal melt variability, except for the34

very recent years.35

Plain Language Summary36

The Amundsen Sea ice sheet has been experiencing the highest mass loss around37

Antarctica. The complex interaction between the ocean and the ice sheet in the region38

due to the onshelf accumulation near the ice-shelf grounding line of relatively warm and39

salty water found at depth around Antarctica is thought to have triggered this mass loss.40

In order to understand the observed interannual-to-decadal variability of the ice-shelf41

basal melt, we use a high resolution multi-decadal simulation to revisit the ocean dynam-42

ics at the Amundsen shelf break, distinguishing two types of shelves that we character-43

ize in depth. Then, we link the ocean low frequency fluctuations at the shelf break with44

the ice-shelf basal melt, and an index, also potentially producible from satellite altime-45

try, is created to follow the fresh-warm shelves limit through time in Russel Bay. In par-46

ticular, this bay located along the shelf break, could be a focal point to understand the47

interannual-to-decadal variability of the basal melt. Finally, after suggesting mechanisms48

for the warm and salty water inflow at the shelf break, we highlight that El Niño-Southern49

Oscillation (ENSO) has no strong correlation with the ice-shelf basal melt variability,50

except for the very recent years.51

1 Introduction52

The Antarctic Ice Sheet (AIS) mass loss has been increasing over the past four decades,53

from about 40 Gt.yr−1 in the 1980s to roughly 250 Gt.yr−1 in the 2010s (Rignot et al.,54

2019). This mass loss signal is dominated by the West Antarctic Ice Sheet (WAIS), and55

in particular the Amundsen Sea sector where ice thinning and grounding line retreat have56

been reported (Mouginot et al., 2014). The single contribution of Pine Island Glacier has57

reached 3.0 mm of global mean sea level rise between 1979 and 2017, which is almost as58

much as the entire contribution of the East Antarctic Ice Sheet over the same period (Rignot59

et al., 2019). Therefore, there is a growing demand to understand the complex interac-60

tions between the atmosphere, the ocean and the ice sheet in the Amundsen Sea Em-61

bayment (Pörtner et al., 2019).62

The changes in WAIS mass loss have been attributed to increased intrusion of rel-63

atively warm and salty Circumpolar Deep Water (CDW) onto the continental shelf (e.g.,64

Jacobs et al., 2013). These intrusions mostly occur through a cyclonic circulation in the65
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bathymetric troughs joining the shelf break and the ice-shelves (Assmann et al., 2013;66

Dotto et al., 2019). They are favored by wind-induced anomalies of heat transport across67

the continental shelf break of the Amundsen Sea, located at the limit between the west-68

erlies – blowing over the deep Southern Ocean – and the easterlies – blowing along the69

AIS margin – (Thoma et al., 2008; Steig et al., 2012; Webber et al., 2017; Kimura et al.,70

2017; Holland et al., 2019). Other processes occuring at the shelf break and mediating71

a heat transport towards the Amundsen shelf have been reported: the effect of bottom72

Ekman transport (Wåhlin et al., 2012) to mesoscale eddies at the shelf break (St-Laurent73

et al., 2013; Stewart & Thompson, 2015), the role of advection (Rodriguez et al., 2016),74

or the consequence of the seasonal sea ice drift (Kim et al., 2017) and temperature anoma-75

lies associated to coastal-trapped Kelvin waves (Spence et al., 2017). In addition, the76

retrograde seabed slope, mostly deepening from the shelf break to the ice-shelves (Fig-77

ure 1), favors the formation of a warm pool near the ice-shelf grounding lines. Thus, mod-78

erate ocean warming may induce tipping points with an irreversible ice sheet instabil-79

ity in the region (Rosier et al., 2020).80

The Amundsen Sea was proposed to be located at a transition between a fresh shelf81

along the eastern Ross Sea and a warm shelf along the Bellingshausen Sea (Thompson82

et al., 2018; Moorman et al., 2020). A fresh shelf is characterized by a positive sea sur-83

face height (SSH) anomaly over the continental shelf, induced by easterly winds and fa-84

voring the westward Antarctic Slope Current (ASC) near the ocean surface, blocking cross-85

shelf exchanges and keeping the shelf sub-surface waters relatively cold. In contrast, a86

warm shelf is characterized by the quasi absence of ASC, relatively warm sub-surface shelf87

waters and significant cross-shelf exchanges (Thompson et al., 2018). At a few hundreds88

of meters depth, the density structure near the shelf break of the Amundsen Sea some-89

times induces an eastward ”undercurrent” which favors CDW inflows into the aforemen-90

tionned bathymetric troughs (Walker et al., 2013; Assmann et al., 2013). The Amund-91

sen Sea may also be impacted by the eastern flank of the cyclonic Ross Gyre and by mul-92

tiple unsteady branches of the eastward Antarctic Circumpolar Current (ACC) (Orsi et93

al., 1995; Walker et al., 2013; Thompson et al., 2018; Nakayama et al., 2018).94

This modelling study is part of a collective effort to improve models to better rep-95

resent the processes at stake in the Amundsen Sea and their interactions so as to enhance96

our understanding of the driving mechanisms for CDW inflow and their effect on ice-shelves97

melt (e.g., Pörtner et al., 2019; Dotto et al., 2019, 2020; Jourdain et al., 2017, 2019; Kimura98

et al., 2017; Nakayama et al., 2014, 2018). Especially, how the transition between fresh99

and warm shelves varies in time and how this affects ice-shelf melting has not been com-100

prehensively addressed so far in the region (Moorman et al., 2020; Dotto et al., 2019).101

In this paper, we revisit the ocean circulation at the shelf break throughout the Amund-102

sen Sea using a multi-decadal ocean simulation accounting for tides and ocean-ice-shelves103

interactions.104

2 Material and Methods105

2.1 Simulation106

We use the Nucleus for European Modelling of the Ocean (NEMO-3.6, Madec (2016))107

that includes the general oceanic circulation model, Océan Parallélisé (OPA) and the108

Louvain-la-Neuve sea Ice Model (LIM-3.6, Rousset et al. (2015)). Our model set-up in-109

cludes the representation of ocean–ice-shelf thermodynamical interactions (Mathiot et110

al., 2017). In particular, the configuration is similar to Jourdain et al. (2017, 2019) ex-111

cept that the domain, named AMUXL, was slightly extended westard as well as east-112

ward, and that we use interannual forcing. The new domain extends from 142.0°W to113

85.0°W and from 76.3°S to 59.8°S.114
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Figure 1. Studied area. The shaded zone in the western part of Antarctica corresponds to the

simulated region. It covers the entire Amundsen Sea, slightly outflanking towards the Ross Sea to

the west and towards the Bellingshausen Sea to the east. The limit between the deep ocean (light

purple) and the shelf (light blue) is represented with a grey continuous line at the shelf break as

defined in section 2.2. The main ice-shelves of the region are colored either in orange for those

part of the Amundsen Sea and in green for the others. In the analysis, we refer many times to

Russell Bay, which is located between 128°W and 124°W.
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The model is run with 75 vertical levels ranging from 1m thickness at the surface115

to 204 m at 6000 m, with the highest and deepest ocean cell having a thickness adapted116

to match the ice-shelf draft and bathymetry, respectively. The horizontal grid is quasi-117

isotropic, with 1/12° resolution in longitude, i.e., from 4.7 km at the northern bound-118

ary to 2.2 km in the southernmost part of the domain, and a resolution between 2.5 and119

3.5 km over the continental shelf. This resolution enables to partly resolve meso-scale120

eddies offshore, but not on the continental shelf. According to St-Laurent et al. (2013)121

and Stewart and Thompson (2015), such a resolution enables to correctly resolve the mean122

flow-topography interaction inside the troughs on the shelf, but it cannot resolve the wave-123

topography interaction.124

The ice-shelf and seabed topography is extracted from v1.33 of BedMachine-Antarctica125

(Morlighem et al., 2020). That version contained an error in geoid height for the IBCSO126

bathymetry, so that our ocean bathymetry is too shallow, with an error increasing from127

15 to 55 m eastward across our domain. Our simulation runs from March 1972 to De-128

cember 2018, and we use 1972-1979 to spin up the model, i.e., we only analyze results129

from January 1980. The simulation is driven by the Drakkar Forcing Set (DFS5, Dussin130

et al., 2016) based on ERAinterim (Dee et al., 2011) from 1979 and ERA40 (Uppala et131

al., 2005) before that. As DFS5 ends in 2015, we use uncorrected ERAinterim outputs132

from 2016 to 2018. The lateral ocean and sea ice boundary conditions comes from a global133

NEMO simulation that has the exact same characteristics as the one used by Merino et134

al. (2018), except that it has a longer spin up, and that the imposed ice-shelf melt flux135

increases linearly from 1990 to 2005 and is constant before and after that, with values136

corresponding to the FRESH+ and FRESH− reconstructions of Merino et al. (2018).137

The freshwater released by melting icebergs is calculated through a Lagrangian iceberg138

model (Marsh et al., 2015; Merino et al., 2016) in the global NEMO simulation used as139

lateral boundary conditions, and re-injected as a monthly surface flux in our regional sim-140

ulation. Barotropic tide is prescribed from seven constituents of FES2012 (Carrère et141

al., 2012; Lyard et al., 2006) at our domain boundaries, as in Jourdain et al. (2019).142

Some parameter values are summarized in Tab. 1 and the complete list of param-143

eters can be found on https://doi.org/10.5281/zenodo.5521569. An evaluation of144

our simulation is presented in Appendix Appendix A. Our main findings are that (i) our145

simulation underestimates the sea ice extent by about 16 % on average but the inter-146

annual variability of the maximum sea ice extent is well captured by our model; (ii) our147

simulation tends to slightly overestimate the ice-shelf basal melt rates with, for instance,148

a 10 % overestimation for Pine Island, but the range of values in between the ice-shelves149

is well represented; (iii) our simulation has a warm bias throughout the water column150

on the Amundsen continental shelf, but it does not exceed 0.5 °C. Despite such biases,151

the mean circulation, its gradients, and the range of variability observed on the shelf seas152

are consistent with the observations. In the following, we assume the model is an accept-153

able representation of reality.154

2.2 Shelf Break Reference Frame155

We now present a method to visualize the ocean dynamics and properties along the156

continental shelf break. First, it requires to properly identify the break, at the edge be-157

tween the continental shelf and the continental slope. Then, we define the along shelf158

break and orthogonal directions used throughout our paper.159

The continental shelf break is often poorly defined. In the Amundsen region, it is160

generally simply considered as an isobath line, most of the time between 700 and 1500 m161

depth. However, such a delineation of the shelf break omits the irregularity of its depth,162

especially due to the initiation of the on-shelf submarine troughs.163
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Table 1. Model parameters to describe ocean interfaces.

Parameter Value (unitless) Description

CD
iw 5.00×10-3 Ocean–sea-ice drag coefficient

CD
ai 1.40×10-3 Air–sea-ice drag coefficient

CD
aw Wind-dependent Air–ocean drag coefficient

CD 1.00×10-3 Ocean–ice-shelf drag coefficient
ΓT 2.21×10-2 Ocean–ice-shelf heat exchange coefficient

(Stanton number StT =
√
CdΓT = 0.0007)

ΓS 6.19×10-4 Ocean–ice-shelf salt exchange coefficient

We first develop a shelf-break delineation method in a way to identify the upper164

part of the shelf break while clearly distinguishing it from other bathymetric features on165

the continental shelf. It consists of the two following steps:166

1. We identify the location of the 773 m isobath since a shallower one poses prob-167

lems near Siple Island (see location in Figure 1);168

2. We translate southward each point of this line until it reaches a bathymetric slope169

threshold of 0.0125 (i.e., 12.5 m vertically per horizontal kilometer; calculated as170

the norm of the slope vector averaged in the eight surrounding grid directions).171

The resulting shelf break line is plotted in Figure 2a. Such a delineation enables the rep-172

resentation of the submarine troughs as illustrated by the bathymetry along the shelf173

break, displayed Figure 2b. The method that is presented here could be applied to other174

regions, although the isobath and slope thresholds may need to be adjusted.175

We then create a new reference frame, which corresponds to the along-break and176

orthogonal directions at each point of the shelf break line. To avoid misleading projec-177

tions in the new reference frame due to the curvature of some bays in the region along178

the shelf break (e.g., Russel Bay, Figure 1), we manually create shortcuts of the shelf break179

line (see dashed line in Figure 2a). This shortcut line is used to define the along-break180

and orthogonal directions offshore of this line (purple segments in Figure 2a), while the181

original shelf break delineation is used to calculate these directions on the continental182

shelf and in the large bays (green segments in Figure 2a). The origin of each local ro-183

tated frame remains the original shelf break line, and all relevant ocean quantities can184

be interpolated onto the rotated frames all along the shelf break. Finally, we plot many185

results as a function of the along-break distance which is defined from the westernmost186

point of our domain.187

This new reference frame should be considered as the juxtaposition of near-orthogonal188

transects to the shelf break. Note that for more readability of the figures, the (Ox’) (resp.189

(Oy’)) axis will be referenced as ”Along shelf break distance (km)” (resp. ”Orthogonal190

distance (km)”, even though it is near-orthogonal). Similarly, x (resp. y) is used in the191

text to refer to the along (resp. cross) shelf break distances. Finally, as the shelf break192

is mostly zonal, we abusively call the rotated directions eastward, westward, southward193

and northward directions although the shelf break is not exactly aligned with a paral-194

lel.195
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Figure 2. Method used to delineate the shelf break and to define near-orthogonal transects

(see section 2.2). (a) The black lines represent the ice sheet margin and continental shelf break

(solid lines) and the shelf break shortcut (dashed line) used to determine the offshore direction.

The green and purple segments refer to the near-orthogonal direction at every point of the shelf

break line. The along shelf break distances (from the western domain boundary) are indicated

every 100km. The T1 and T2 red lines are the two cross-sections used in Figure 4 to show the

Dotson-Getz trough and the eastern Pine Island-Thwaites trough. The ice-shelves of interest

(from the eastern part of Getz to Cosgrove) are colored in grey. The blue area shows the conti-

nental shelf area used in Figure 11, and is delineated by the ice sheet margin to the south, the

shelf break line to the north and the dotted lines to the west and east. (b) shows the bathymetry

along the shelf break (blue line) and 25 km further inshore onto the continental shelf (orange

line). The green boxes indicate the major bathymetric troughs.
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3 Results196

We first analyze the mean ocean state along the Amundsen shelf break allowing197

us to distinguish, on average, both a fresh and a warm shelf in the region according to198

the definition given by Thompson et al. (2018). We describe the multiple currents ob-199

served along the shelf break, then we analyze their variability in connection with the ice-200

shelf basal melt interannual-to-decadal fluctuations. Even though the model domain cov-201

ers a larger area than the Amundsen Sea in the west and in the east, we only present202

results, and discuss them, for the Amundsen region.203

3.1 Fresh Versus Warm Shelves204

Considering the mean state of the ocean between 1980 and 2018, we can make a205

distinction between a western fresh shelf and an eastern warm shelf in the region.206

Indeed, in the western part of the Amundsen Sea, the thermocline is relatively deep207

compared to the east (Figure 3d,e). The ocean conservative temperature (CT) at 301 m208

depth at the shelf break is negative in the western part versus positive in the eastern part209

of the Amundsen Sea (Figure 3a), which indicates a transition from a fresh to a warm210

shelf (see Section 1). The same distribution is observed for the absolute salinity (AS)211

with saltier waters at 301 m depth at the shelf break in the eastern Amundsen Sea (not212

shown). These relatively warm and salty waters indicate the presence of CDW closer to213

the surface in the warm shelf region.214

The distinction between a western fresh shelf and an eastern warm shelf is also ap-215

parent looking at the near-surface current aligned with the shelf break for y∈[0, 50] km216

(Figure 3b). A westward current is present just off the shelf break in the western Amund-217

sen Sea, which corresponds to the ASC, and is typical of fresh shelves. In contrast, an218

eastward current is observed in the eastern Amundsen Sea, which corresponds to an ACC219

branch, with meanders (e.g., near x=1500 km and x=1850 km) associated with bathy-220

metric features. As previously reported, the ASC has a baroclinic structure on average,221

shearing eastward with increasing depth, while the eastward current in the eastern re-222

gion appears to be rather barotropic on average (Figure 3b,c). The transition between223

the two types of shelves is located at the western extremity of Russell Bay (see location224

in Figure 1).225

Typical cross-sections at the shelf break for both types of shelves are displayed in226

Figure 4. T1, being located at the entry of the Dotson-Getz (Do-Ge) trough at x=826 km,227

is used as an example of a fresh shelf cross-section, whereas T2, being located at the en-228

try of the eastern Pine Island-Thwaites (Pi-Th) troughs at x=1398 km (left one), is an229

example of a warm shelf cross-section. Additional cross-sections in between the Do-Ge230

trough and the western PI-Th trough are presented in supplementary (Appendix Ap-231

pendix B).232

The CT cross-sections (Figure 4a,b) highlight the presence of CDW onto the con-233

tinental shelf in the warm shelf zone although the vertical shift between a negative CT234

and a positive CT happens at the same isopycnal (˜27.55 kg/m3). This is due to both235

the shallower seafloor in the western Amundsen Sea at the shelf break and to the deeper236

˜27.55 kg/m3 isopycnal associated with the prevailing presence of the ASC in the up-237

per ocean layer just off the shelf in the west (Figure 3b) - blocking the warm and salty238

CDW at the shelf break in the fresh shelf zone.239

Four different currents can be spotted on these cross-sections (Figure 4c,d). For240

y∈[0, 50] km the ASC is visible on the fresh shelf cross-section (T1) in the upper part241

of the water column, as well as the ACC branch over the entire water column for the warm242

shelf cross-section (T2). An eastward current is visible on both cross-sections at the limit243

of the shelf break (-20<y<10 km). The eastward flow appearing on T1 for y>50 km is244
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Figure 3. Mean ocean state. (a), (b) and (c) respectively show the mean CT at 301 m and

the mean aligned current at 7 and 301 m. The black continuous line at y=0 km corresponds to

the shelf break with markers every 100 km. The cross-sections T1 and T2 (see location in Fig-

ure 2) used on Figure 4 are also drawn. (d) and (e) show the mean thermocline top and bottom

depths off the Amundsen shelf, which is delineated with a black continuous line. The top and

bottom thermocline depths are defined by looking for the shallowest and deepest depths where

the vertical CT gradient is negative (z upward) and stronger than a -0.002 °C.m−1 threshold.
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Figure 4. Cross-sections climatologies of CT (a, b) and the along-shelf ocean velocity (c,

d) for T1 (left panels) and T2 (right panels) (see location in Figure 2). In panels (c) and (d), a

red (resp. blue) color means that the current is globally eastward (resp. westward). Isopycnals

(potential density anomalies) are plotted every 0.05 kg.m-3 and the identified shelf break is shown

as a dotted black line at y=0 km.
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Figure 5. Schematic of some currents mechanisms. (a) is a schematic of the cyclonic circu-

lation within a trough illustrated by a simple geostrophic balance. (b) is a suggestion for the

schematization of the two distinct cases encountered for on-shelf currents reaching the shelf break

depending on their depth. On (a) and (b), the currents are displayed in red (resp. blue) whether

they are northward or eastward (resp. southward or westward). ~C refers to the Coriolis force and

~FP to the pressure force.

an ACC branch located further offshore that is discussed later in this paper. Finally, a245

westward undercurrent is found along the continental slope of both shelves, but with a246

much smaller amplitude and extension in the case of T2. In the remaining part of this247

section, we describe these currents in more details and discuss their dynamical origin.248

We first focus on the eastward current at the extremity of the continental shelf (-249

20<y<10 km), which is often referenced to as the eastward ”undercurrent”. We report250

differences in vertical structure and shape between the two types of shelf. While the cur-251

rent is very barotropic for the warm shelf (confusing with its ”undercurrent” qualifica-252

tion), it appears to be more baroclinic and to extend further towards the continental slope253

at depth for the fresh shelf. This extension at depth, below the ASC, is consistent with254

the positive meridional density gradient at depth at the shelf break in the fresh shelf zone255

- as opposed to the negative meridional density gradient in the warm shelf zone - (see256

isopycnals in Figure 4c,d), allowing for an eastward geostrophic shear and a reversal of257

the surface current with depth (Thompson et al., 2018). With regards to the initiation258

of this eastward current along the shelf break, on the one hand, we suggest for the one259

at the entry of the Do-Ge trough that the return current - associated with the cyclonic260

circulation inside the trough - experiences a vortex stretching due to the isopycnals at261

depth. This leads, through potential vorticity (PV) conservation, to a cyclonic rotation,262

inducing an eastward turn of this water mass at the shelf break (Figures 4c and 5b). On263

the other hand, in the case of the eastern Pi-Th trough, we suggest that the eastward264

undercurrent is essentially generated in the western Pi-Th trough through topographic265

interactions with an ACC branch (see Section 4.1).266

The initiation of the ASC coincides with an important outflow located in the up-267

per half of the water column, between the eastern flank of the Do-Ge trough and the west-268

ern flank of the western Pi-Th trough, which was reported by Walker et al. (2013, their269

Figure 7) and can be spotted on the bottom panel of the movie ”Aligned current Oxz Oxy.mp4”270

in supplementary (Appendix C1). The ASC is mainly composed of a near-surface fresh271

water mass that is compressed following the upsloping isopycnals at the shelf break. The272

PV conservation hence leads to an anticyclonic rotation, inducing a westward turn of this273

water mass at the shelf break (Figure 5b).274

The bathymetry also plays an important role in shaping the currents. The pres-275

sure gradient exerted by a bathymetric slope makes geostrophic currents keep the bathy-276

–10–



manuscript submitted to JGR: Oceans

yx .

z Westerly windsEasterly winds

Antarctic Circumpolar Current
(ACC)

Antarctic 
Circumpolar 

Current
(ACC 

branch)
Antarctic Coastal 

Current

Ice shelf

Seasonal sea ice

Eastward 
“undercurrent”

Heat fluxes

Dense 
water

Ekman pumping (cf. winds)Ekman pumping (cf. winds)

Ekman pumping 
(cf. sea ice)

Melt
Iso-density
27.55kg/m3

CT>0°C

CT<0°C
Antarctic 

Slope 
Current
(ASC)

Circumpolar 
Deep Water

(CDW)

Antarctic Continental Shelf 
Bottom Water (ASBW)

Winter Water
(WW)

Winter Water
(WW)

.

Shelf break 
licking

Ocean floor

Bottom Ekman 
transport

Shelf break

Continental Shelf

Continental slope

“Inflow”

Westward 
undercurrent 
linked to the 
continental 

slope

Iso-density

yx .

z Westerly windsEasterly winds

Antarctic Circumpolar Current
(ACC)

Antarctic 
Circumpolar 

Current
(ACC branch)Antarctic Coastal 

Current

Westward 
undercurrent 
linked to the 
continental 

slope
Shelf break

Continental Shelf

Ocean floor

Seasonal sea ice

Eastward 
“undercurrent”

Heat fluxes

Dense 
water

Ekman pumping (cf. winds)Ekman pumping (cf. winds)Melt

Iso-density

Topography effect

Circumpolar 
Deep Water

(CDW)

Circumpolar Deep Water 
(CDW)

Winter Water
(WW)

Winter Water
(WW)

“Inflow”

Continental slope

.
Ice shelf

Ekman pumping 
(cf. sea ice)

CT>0°C

CT<0°CIso-density
27.55kg/m3

B

A(a)

(b)

Figure 6. Schematic of the ocean state across the mean fresh (a) and warm (b) shelves in the

Amundsen Sea. Note that the color of the currents refers to their orientation. A red (resp. blue)

color means that the current is globally eastward or northward (resp. westward or southward)

metric slope to their left (Figure 5a), and the PV conservation makes them flow along277

isobaths (see also St-Laurent et al. (2013)). The geostrophic balance resulting from the278

bathymetric slope could also explain the presence of a westward undercurrent just over279

the continental slope for both types of shelf (Figures 4c,d and 5b) as well as the nega-280

tive meridional density gradient along the continental slope allowing for a westward geostrophic281

shear.282

The position of the typical currents at fresh and warm shelves is schematized in283

Figure 6.284

3.2 Variability at the Shelf Break285

The presence of both a fresh and a warm shelf in the Amundsen Sea is robust over286

time, but there is some variability that we now describe.287
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Figure 7. Standard deviation of the ocean dynamics and properties at the shelf break (see

corresponding mean state in Figure 3). (a), (b) and (c) show the standard deviation of the CT

at 301 m and the aligned current at 7 and 301 m, respectively. The black solid line at y=0 km

corresponds to the shelf break with markers every 100 km. The cross-sections T1 and T2 (loca-

tion shown in Figure 2) used in Figure 4 are also drawn. (d) and (e) show the standard deviation

of the thermocline top and bottom depths off the Amundsen shelf, which is delineated with a

black solid line.

The depths of the upper and lower thermocline have a larger variability along the288

shelf break in the fresh shelf zone than in the warm shelf zone (Figure 7d,e). This is con-289

sistent with the ASC variability (Figure 7b,c), as a stronger ASC pushes the thermocline290

deeper and blocks intrusions of CDW onto the shelf. The surface current just off the fresh291

shelf (ASC in the mean state) sometimes switches from westward to eastward, and the292

reverse is observed in the warm shelf region as shown on the top left panels of the ”Aligned current T1 T2.mp4”293

movie in supplementary (Appendix C2). This shows that the southern ACC branch can294

be intermittently stuck at the shelf break further to the west, and that the ASC can some-295

times be initiated further to the Bellingshausen Sea - as proposed by Thompson et al.296

(2020). These two types of intermittent events can be observed on the two panels of the297

”Aligned current Oxz Oxy.mp4” movie in supplementary (Appendix C2). In particu-298

lar, on the bottom panel, we observe that when a southern ACC branch gets in contact299

with the shelf break near Siple Island, to the west of Russel Bay, the eastward ”under-300

current” at the entry of the Do-Ge trough has a higher magnitude (bottom panel). We301

infer from these intermittent events that, even though the Do-Ge trough is part of the302

fresh shelf zone on average, it can intermittently experience an interaction with a south-303

ern ACC branch - which could enhance CDW intrusions onto the shelf. The role of this304

specific southern ACC branch is discussed in Section 4.1.305

The aligned current just off the continental shelf (y∈[0, 25] km) exhibits a high fre-306

quency variability with variations that appear almost instantaneously all along the shelf307

break (vertical stripes in Figure 8b). In contrast, CT at 301 m shows variability at a lower308

frequency (Figure 8a). CT anomalies seem to be initiated in the sector x∈[600, 1000] km,309

which corresponds to Russell Bay. These anomalies then propagate both eastward and310

–12–



manuscript submitted to JGR: Oceans

A

B

-1.3cm/s

3.0cm/s

(b)

(a)

Figure 8. Variabilities at the shelf break. Hovmöller diagrams of the CT anomaly at 301 m

(a) and the aligned current at 301 m (b) averaged between y=0 and y=25 km all along the shelf

break. Note that a red (resp. blue) aligned current anomaly means that the current is globally

more eastward (resp. westward) compared to the mean.

westward at speeds of 3.0 cm.s−1 and -1.3 cm.s−1, respectively. This seems to be in ad-311

equation with the CT advection associated with the aligned current just off the shelf break312

(ACC in the east and ASC in the west). This result highlights the importance of under-313

standing the key processes occurring at Russell Bay, which, in average, is the limit be-314

tween the fresh and warm shelves. Regarding the aligned speed anomalies, the vertical315

bands suggest coastal-trapped Kelvin waves that could be initiated further to the east316

of the Amundsen Sea (Spence et al., 2017).317

Given that some variability seems to emerge from the boundary between the fresh318

and warm shelves, we now define an index to follow variations in the location of this bound-319

ary. As it would be potentially useful to have an observational equivalent, we define this320

index based on SSH gradients, which are observed through satellite altimetry and are321

directly related to surface currents. The reversal of the surface currents between the fresh322

and warm shelves (ASC versus ACC branch) is indeed consistent with a reversal of the323

SSH gradient orthogonal to the shelf break.324
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East of the Amundsen Sea

West of the Amundsen Sea

Figure 9. Evolution of the fresh-warm boundary. Hovmöller diagram of the SSH gradient

orthogonal to the shelf break, with a 5-year running mean and averaged for y∈[0, 25] km for

each point along the shelf break. The dashed black line shows the Fresh-Warm Boundary Index

(FWBI).

The Fresh-Warm Boundary Index (FWBI) is defined as the along–shelf-break dis-325

tance at which the SSH orthogonal gradient just off the shelf reverses - being negative326

in the west (ASC) and positive in the east (ACC). It oscillates between 800 and 1100 km327

at decadal scales over the 1980-2018 period (Figure 9 and discussed in Section 3.3), with328

a trend corresponding to an eastward drift towards the entry of the Pi-Th western trough.329

Note that the FWBI was built with a 5-year running mean, in agreement with the ob-330

jective to study the interannual-to-decadal variability of the ice-shelf basal melt.331

Finally, the eastward ”undercurrent” also presents a variability. Indeed, as shown332

on the ”Aligned current T1 T2.mp4” movie in supplementary (Appendix C2), the baro-333

clinic component stays relatively stable through time - being very marked at depth at334

the entry of the Do-Ge trough (T1) and almost absent at the entry of the Pi-Th trough335

(T2) -, while the barotropic component varies in magnitude.336

3.3 Connections with ice-shelf basal melt337

We now analyze the relationships between the variability at the shelf break and the338

ice-shelf basal melt.339

The characteristics and the basal melt rates of the seven ice-shelves of interest in340

the region are shown in Figure 10a,b. In the following, we only consider the eastern part341

of Getz and the western part of Abbot to only focus on the Amundsen Sea. As described342

in Appendix Appendix A, the mean ice-shelf basal melt rates found in our simulation343

are globally in the range of the observed values reported by Rignot et al. (2013), Depoorter344

et al. (2013) and Adusumilli et al. (2020) (Figure A2). As in observation-based (Dutrieux345
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Figure 10. ice-shelf basal melt. (a) and (b) are maps of the Amundsen shelf showing the

ice-shelves bottom depth (a) and the mean ice-shelf basal melt rate (b). For each of these maps,

the bathymetry is represented at 500, 750, 1,100 and 2,000 m. The coastal margin and the shelf

break line are displayed with a continuous line. (c) shows the ice-shelf basal melt rates variability

between 1980 and 2018 with a 5-year running mean. The values for each ice-shelf are normalized

between 0 and 1. The continuous black line shows the melt rate variability for all the considered

ice-shelves and the dashed black line represents the associated standard deviation.

et al., 2014; Jenkins et al., 2018) and modelling (Kimura et al., 2017; Webber et al., 2019)346

studies, we find important interannual-to-decadal fluctuations of the basal melt rates.347

We notice that this variability is pretty similar for the different ice-shelves (Figure 10c).348

In particular, as observed by Dutrieux et al. (2014) and Jenkins et al. (2018) for Pine349

Island and Dotson, the ice-shelf basal melt rates decrease before 2000, reaching a min-350

imum around 2000, before peaking in the late 2000s, followed by a decrease in the early351

2010s. Note that the differences we observe for western Abbot are related to the very352

low basal depth of this ice-shelf (not shown). We also want to underline that, in this study,353

we are only interested in the low frequency variability, from interannual to decadal, since354

the ice flow of the glaciers outlet appears to be only slightly sensitive to high-frequency355

fluctuations (Christianson et al., 2016; Favier et al., 2019).356

Given the similar evolution of melt rates across ice-shelves (Figure 10c), we con-357

sider the interannual-to-decadal variability of the total melt rate over all these ice-shelves358

in the following. A 40-year period is relatively short for an analysis of decadal variabil-359

ity, so the results in this section must be considered as a first analysis that will require360

further work. We report that the FWBI index leads the melt evolution by 21 months361

(Figure 11) with a relatively high lead-correlation (r=0.84). It is nonetheless not the best362

predictor of the low-frequency melt evolution. The aligned current just on the shelf, at363

the Do-Ge trough and near the seabed (at 411 m depth), corresponding to the so-called364

eastward ”undercurrent”, presents a low-frequency variability that explains most of the365

melt variance (r=0.97) 13 months ahead. The aligned current at 411 m at the eastern366

Pi-Th trough, just on the shelf, is also significantly correlated with the melt time series,367
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with weaker correlations than for the eastward ”undercurrent” at the Do-Ge trough (r=0.89),368

but with a longer lead (37 months). This suggests that the current fluctuations at the369

shelf break occur at the eastern Pi-Th trough prior to the Do-Ge trough. The near-seafloor370

orthogonal current at the entry of the western Pi-Th trough (reached by a southern ACC371

branch) is also significantly anti-correlated (as southward velocities are negative) to the372

melt time series (and to the aligned-current characteristics, not shown) with a lag rel-373

atively close to the one found for the eastward ”undercurrent” at the eastern PI-Th trough374

(32 versus 37-month lead) - highlighting the possible important connection between the375

western and eastern Pi-Th troughs with an eastward ”undercurrent” detached from the376

shelf break in between these two Pi-Th troughs due to the bathymetry (Figures 3b,c and377

12b). The surface aligned current off Do-Ge trough, representative of the ASC, is also378

significantly anti-correlated with the mean basal melt rate with a 32-month lead.379

Note that we decided to show both the variability of the currents and the CT to380

try to independently understand their role at the shelf break instead of pouncing on ther-381

mal fluxes. Moreover, the data were not integrated over time to keep the focus on an in-382

depth characterization of the interannual-to-decadal fluctuations at the shelf break and383

not of the heat content on the continental shelf.384

In summary, higher basal melt rates are preceded, on the one hand, by more CDW385

inflow in the western Pi-Th trough and an intensification of the ASC current just in front386

of the Do-Ge trough. On the other hand, an earlier intensification of the eastward ”un-387

dercurrent” at the eastern Pi-Th trough and then at the Do-Ge trough is apparent. Our388

results suggest a lag of 2 to 3 years between changes in the eastward ”undercurrent” or389

ASC and ice-shelf basal melt rates. Kimura et al. (2017) reported a few months for the390

connection from the shelf break to the ice-shelf base, with up to 7 months for Pine Is-391

land. We propose that longer lags at low frequency may be related to the accumulation392

and recirculation of warm water all over the continental shelf (CT on the shelf leads melt393

by only 5 months in Figure 11). Again, we acknowledge that our time window is rela-394

tively short to describe decadal variability, and there is probably a significant uncertainty395

on the estimated lags - in particular due to the use of 5-year running mean.396

4 Discussion397

We first further discuss possible mechanisms for the CDW inflow onto the Amund-398

sen shelf, before paying attention to the more regional circulation. And finally, we ques-399

tion possible links between the interannual-to-decadal variability of the ice-shelf basal400

melt rates and climatic modes of variability.401

4.1 CDW Intrusions onto the Shelf402

The Amundsen Sea shelf break is located near the transition between the wester-403

lies blowing over most of the Southern ocean and the easterlies blowing in the Antarc-404

tic coastal region. The corresponding Ekman transport creates a divergence of surface405

currents and a local sea surface height (SSH) minimum at the transition between the two406

wind regimes (Figure 12a). As reported in an earlier work (e.g., Thoma et al., 2008), this407

transition and associated divergence is strongest very close to the shelf break of the warm408

shelf zone, lifting up the CDW at the shelf break (Figure 12b). The divergence zone is409

further offshore in the case of the fresh shelf and therefore less suitable for CDW intru-410

sions. As explained by Thompson et al. (2018), the dominant easterlies at the shelf break411

in this case induce an onshore SSH gradient, which favors the creation of the ASC in the412

east of Russell Bay.413

We now extend this description by considering the effect of the sea-ice–ocean fric-414

tion in the presence of consistent surface currents. As sea ice does not generally have the415

same velocity as surface currents, the relative speed difference between sea ice and sur-416
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Figure 11. Correlations between the ocean state, either at the shelf break or on the shelf, and

the ice-shelves mean basal melt rate. On the one hand, (a) shows the time series with a 5-year

running mean of a chosen set of parameters averaged on areas colored (with the same color as

for the time series) in the shelf break reference frame on (b), but for the values on the shelf -

which are averaged on the blue zone colored in Figure 2. The dashed lines refer to parameters

which are anti-correlated with the ice-shelves mean basal melt rate, and were then represented as

1 − [normalized values] to make the comparison more visual. On the other hand, (c) is a double

entry table which indicates both the maximum correlation coefficient between the considered two

time series and the lag (in months) associated to this correlation coefficient. The correlation co-

efficient is to the left with colors and sizes depending on its amplitude from blue to red. The lag

is to the right with colors and sizes depending on its amplitude from pink to green. A negative

(resp. positive) lag means that the considered parameter on the horizontal is in advance (resp.

delayed) compared to the one on the vertical. The two dotted lines on (a) are not represented in

this table due to their relatively weak correlation with the ice-shelves mean basal melt rate.
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Figure 12. Effects of the top boundary of the ocean. (a) mean SSH (slightly saturated to

focus on the continental shelf and the shelf break) with the mean wind over the region. (b)

mean CT at 301 m depth (shaded) and mean currents at the same depth (black arrows). The

ice-shelves of interest in this study are shaded in grey whereas the others are not represented. (c)

mean Ekman pumping calculated from the ocean surface stress - induced either by the wind or

the sea ice. Some white arrows are drawn in order to show the consistent surface currents at a

few locations. The coastal margin and the shelf break are represented with a continuous black

line. (d) Schematics of the effect of sea ice on ekman pumping.

face currents favors an upwelling on the left side of surface currents, and a downwelling417

on the right side (Gupta et al. (2020) showed the same effect for vortices). Several ex-418

amples of the occurrence of such process are indicated in Figure 12c, and schematized419

in Figure 12d. Because of the strong currents at the shelf break, this process might play420

a significant role in cross-shelf energy exchange. In particluar, this favors an upwelling421

at the entrance of the Do-Ge trough.422

Bottom Ekman pumping was also suggested to play a role on the onshore advec-423

tion of CDW. Wåhlin et al. (2012) inferred from observations in the western Amund-424

sen region that the baroclinic structure of the ACC branch along the shelf break would425

lead to a near-bottom onshelf Ekman transport. Even though we report that the bot-426

tom friction is probably partly misrepresented due to the low vertical resolution near the427

seafloor in our simulation, we point out that this effect could play a key role at the en-428

try of the Do-Ge trough where the eastward ”undercurrent” is licking the continental429

slope (Figure 4c). In particular, we observe at this location an uplift of the isopycnals,430

which indicates an upward transport of water from greater depth along the slope (Fig-431

ure 4a).432

Finally, branches of the ACC may contribute to bring CDW onto the continental433

shelf, with pathways highly influenced by the bathymetry. A northern branch directly434

reaches the vicinity of the shelf break in the western part of the Bellingshausen Sea (Fig-435

ure 12b), as previously described by Orsi et al. (1995). For the Amundsen Sea, we point436

out a southern ACC branch that follows the eastern flank of the Ross Gyre (negative SSH437

anomaly near the western domain boundary in Figure 12a) and flows eastward along the438

shelf break, north of the ASC. This branch then splits into a pathway closer to the shelf439

break, with a great meander in the east of Russell Bay just before reaching the shelf break440

to the west of the western Pi-Th trough (Figure 12a,b; see also Appendix Appendix B),441

and another pathway further north that impacts the shelf break between the western and442
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eastern Pi-Th troughs (Figure 12a,b). Figure 3d,e shows that the thermocline top and443

bottom are relatively uniform along the southern ACC branch, with a shallow thermo-444

cline favoring CDW intrusions onto the warm shelf. The role of the Ross Gyre in the CDW445

penetrations was also suggested by Nakayama et al. (2018) and Armitage et al. (2018).446

Although the interaction of this southern ACC branch with the western PI-Th topog-447

raphy seems constant over time (B1), intermittent events during which this ACC branch448

is stuck at the shelf break at the entry of the Do-Ge trough (see Section 3.2) could also449

favor CDW intrusions in the fresh shelf region.450

In summary, our analysis of the mean ocean state at the shelf break has led to the451

suggestion of four different mechanisms for the CDW intrusion onto the Amundsen shelf,452

from the Ekman pumping induced by the wind to the one induced by the sea ice effect453

passing by the effect of topography at the entry of a trough and the Ekman bottom fric-454

tion along the continental shelf. These mechanisms at fresh and warm shelves are also455

schematized in Figure 6. Note that the high frequency processes, which could also play456

a significant role in the CDW inflow - such as the development of baroclinic instabili-457

ties along the shelf break - were left aside in this analysis.458

4.2 Regional Circulation459

We propose a schematic of the main circulation and pathways in Figure 13. Although460

oversimplistic, it can be used to discuss the reasons for high melt rates in the mean fresh461

shelf area. We identify two distinct cyclonic recirculations on the Amundsen shelf, one462

in the fresh shelf zone, essentially feeding Dotson and Getz in terms of available heat for463

melt, and one in the warm shelf zone, essentially feeding Abbot, Cosgrove, Pine Island,464

Thwaites and Crosson. Jourdain et al. (2017) found that only 6 to 31 % of the heat that465

enters the Amundsen cavities with melting potential is actually used to melt the ice-shelves,466

so the Antarctic Coastal Current may transport the remaining heat to the following cav-467

ities. We therefore suggest that such connectivity may, at least partly, explain that Getz468

and Dotson behave like warm cavities in spite of being in the fresh shelf area. This is469

supported by the modelling study by Kimura et al. (2017) who did not identify heat anomaly470

propagation along the Do-Ge trough leading to Dotson ice-shelf (their Figure 7). We also471

suggest that a part of the return current of the cyclonic circulation in the main troughs472

(Do-Ge and Pi-Th) are reoriented towards the eastward ”undercurrent” forming recir-473

culation cells, which may contribute to a relatively slow build up of warm temperatures474

over the entire continental shelf (Figure 13).475

The connectivity with the Ross and Bellingshausen Seas may also be key in the un-476

derstanding of the ocean dynamics in the region, with a part of the meltwater from the477

Bellingshausen Sea advected into the Amundsen Sea, and a large part of the meltwater478

from the Amundsen Sea advected into the Ross Sea (Nakayama et al., 2014). On the one479

hand, the connection from the Bellingshausen Sea occurs through the Antarctic Coastal480

Current flowing along Abbot ice-shelf, and intermittently through the ASC at the shelf481

break - when it is initiated further to the Bellingshausen Sea. On the other hand, the482

connection to the Ross Sea seems quite different, as a part of the Antarctic Coastal Cur-483

rent mixes with the ASC, and even intensifies this westward current - likely because of484

the tight continental shelf around Siple Island - making the ASC constant through time485

at this location and further to the west.486

We also stress the important role of the variability west of Russell Bay. It is not487

simply the transition zone between the mean fresh and warm shelves, but it also corre-488

sponds to the junction zone between the two on-shelf recirculations and where the ACC489

branch initiated to the south-east of the Ross Gyre impacts the shelf (Figure 13). We490

reckon that most of the ocean variability on the Amundsen shelf, and thus most of the491

low frequency variability of the basal melt activity underneath the ice-shelves of the re-492

gion, could be driven by processes impacting this complex region. Three different vari-493
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Schematization of the circulation in the Amundsen region
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Figure 13. Schematic of the circulation in the Amundsen Sea pointing out the fresh and

warm shelves and their connectivity.

ables in the Russell Bay area seem to be key and partly interacting: the CT at the shelf494

break, the intensity of the outflow from the shelf - likely initiating the ASC -, and the495

impact location of the ACC branch. A complex mixture of processes occur there, as, e.g.,496

the sea ice induced Ekman pumping associated to the ASC, favoring a shallowing of the497

thermocline at the shelf break and thus a positive CT anomaly at the entry of the Do-498

Ge trough. A strong ASC may also prevent the ACC branch from impacting the shelf499

break further to the west of Russel Bay, while a strong ACC branch may block the out-500

flow from the shelf. The FWBI index developed in our analysis enables an overall de-501

scription of the resulting variability in the fresh-warm shelf boundary, using surface ocean502

data to infer currents anomalies in the area. In a nutshell, this index could likely meet,503

at least partly, a need of remote control of shelf properties and ice-shelf basal melt rates504

in the region (Thompson et al., 2020).505

4.3 Link with Climatic Modes of Variability506

The aforementioned recirculations over the continental shelf may explain the multi-507

year lag between low-frequency current anomalies at the shelf break and low-frequency508

ice-shelf basal melt, as onshore CDW transport anomalies would need several years to509

build up a large warm water volume over the continental shelf. This would possibly act510

as a filter on the effects of higher-frequency wind stress anomalies at the shelf break, in511

particular those associated with El Niño-Southern Oscillation (ENSO, Holland et al., 2019)512

and the Southern Annular Mode (SAM). Using the multivariate ENSO Index (MEI.v2)513

- provided by the NOAA (https://psl.noaa.gov/enso/mei/) - and the SAM index -514

provided by the British Antarctic Survey (https://legacy.bas.ac.uk/met/gjma/sam515

.html) - with a 5-year running mean and detrended (Figure 14), we report that, over516

the duration of our simulation, the anti-correlation coefficient with the ice-shelves mean517

basal melt rate is lower in absolute value for MEI than SAM (-0.52 and -0.68 respectively).518

However, for the period starting in 2005, this anti-correlation climbs to -0.94 for MEI519

whereas it stays almost the same for SAM (-0.72). Therefore, the period starting in 2005520

could be partly misleading regarding the possible direct effect of ENSO on the basal melt521

activity in the Amundsen region. Following Armitage et al. (2018), we point out the pos-522

sible effect of the combination of ENSO and SAM on the basal melt activity in the re-523
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Figure 14. Connection with the different modes of climate variability. The PITT box is

defined as in Holland et al. (2019), extending over 115°-102°W, 71.8°-70.2°S

gion, in particular to explain the drop in the ice-shelf basal melt rate around 2000. How-524

ever, we stress the decorrelation between the variability of the aligned current off east-525

ern Pi-Th trough and the basal melt activity (Figure 11a). In fact, this ACC branch along526

the shelf break presents a relatively good correlation with MEI (0.80, Figure 14), and527

especially a similar trend towards a weakening of this current. Therefore, not only the528

fluctuations of the wind in the PITT box - defined by Holland et al. (2019) - follow the529

ENSO variations, but the ACC branch along the shelf break at the entry of the eastern530

Pi-Th trough also seems to be in phase with this variability. However, in contrast to the531

assumption of Holland et al. (2019), ice-shelves melt rates are not in phase with these532

variations. A possible explanation is that the negative meridional density gradient at depth533

at the shelf break in this zone might impeach possible interactions with the offshore ACC534

branch.535

Finally, we have found that the FWBI has an eastward trend (Figure 9), which might536

be linked to wind changes in Russel Bay area as well as to increasing outflow of water537

between the Do-Ge trough and the western Pi-Th one. This is coherent with a strength-538

ening of the ASC, and thus in agreement with the observed negative MEI trend as op-539

posed to the positive SAM trend - which would entail a strengthening of the ACC (Armitage540

et al., 2018). It is unclear whether such drift could continue and extend beyond the lo-541

cation where the ACC branch generally impacts the shelf break. The role of the differ-542

ent modes of climate variability could be of high importance in this specific area in the543

east of Russell Bay. And we think that the use of our suggested FWBI could be useful544

for future work on these topics.545

A global overview of the winds and the ocean dynamics in the Amundsen Sea is546

shown in Figure 15.547

5 Conclusion548

In this paper, we have used a regional ocean simulation to revisit the ocean circu-549

lation in the Amundsen Sea with a focus on the continental shelf break, and an attempt550

to link the ocean variability along this bathymetric feature with the ice-shelf basal melt-551
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Figure 15. Global overview of the winds and the ocean dynamics in the Amundsen Sea. The

deep ocean, the shelf and both the ice-shelves of interest for this study and the others are are in

purple, blue, orange and green color scales, respectively. The coastal margin and the shelf break

are represented with continuous black lines.
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ing. In particular, we have developed a methodology to study the ocean state in the ref-552

erence frame of the continental shelf break.553

In the mean state, the western Amundsen Sea (westward of Russel Bay) is char-554

acterized as a fresh shelf, with a limited presence of CDW onshore, an eastward ”under-555

current” at the edge of the shelf and the ASC in off-shelf surface waters. On the other556

hand, the eastern Amundsen Sea is characterized as a warm shelf with an important vol-557

ume of CDW onshore, an eastward current at the edge of the shelf, and eastward ACC558

branches reaching the shelf break. Despite being located in the mean fresh shelf area,559

the Getz and Dotson ice-shelves experience melt rates of comparable magnitude as Thwaites560

and Pine Island in the warm shelf area, and they all undergo a similar decadal variabil-561

ity.562

To analyze the interannual-to-decadal variability, we have created the Fresh-Warm563

Boundary Index (FWBI) that delineates the fresh-warm shelf limit through time, in a564

way that could potentially be estimated from satellite data. FWBI oscillates between565

800 and 1100 km over 1980-2018, with a trend corresponding to an eastward drift to-566

wards the entry of the Pi-Th western trough. At decadal time scales, FWBI leads the567

ice-shelf basal melt evolution by 21 months with a relatively high lead-correlation (r=0.84).568

However, it is difficult to assess whether this is a fortuitous correlation (e.g., due to large569

scale atmospheric forcing with a coherent structure over the Amundsen Sea) or a rele-570

vant relationship.571

In addition to processes that have already been pointed out to be important for572

onshore CDW intrusions (Ekman transport induced by wind or bottom friction), we pro-573

pose that Ekman pumping associated with consistent currents under sea ice may be im-574

portant at the shelf break, especially at the entry of the Do-Ge trough. We also suggest575

a control of onshore CDW intrusions by a southern ACC branch - initiated to the south-576

east of the Ross Gyre - that reaches the shelf break in the Amundsen region, with a strong577

role of topography. After a careful examination of the current systems and connections,578

we suggest that most of the inflow onto the continental shelf happens at the entry of the579

western Pi-Th trough, where the topography enables the southern ACC branch to im-580

pact the shelf break to the east of Russel Bay. The Antarctic Coastal Current would then581

carry part of the heat available for melt towards the fresh shelf zone, with possible re-582

circulations both in the Do-Ge trough and in the Pi-Th trough, which are suggested to583

explain a multi-year lag between low-frequency anomalies at the shelf break and ice-shelf584

basal melt, although longer simulations may be needed to confirm this result.585

Finally, based on our simulations, we have proposed a schematic of the vertical struc-586

ture of currents near the fresh versus warm shelves (Figure 6), of the main CDW path-587

ways (Figure 15), and of the main connections over the continental shelf (Figure 13), which588

may be a useful base for future work.589

Appendix A Evaluation of the Simulation590

In order to evaluate our simulation, we compare it with satellite products and in591

situ observations.592

A1 Sea Ice Cover593

First, we use the sea ice concentrations from remote sensing data (Peng et al. (2013)594

updated, NOAA/NSIDC Climate Data Record). We calculate the sea ice extent (SIE)595

only considering sea ice concentration (SIC) values greater than 0.15 (as the uncertainty596

for lower values is relatively high) and at locations that are defined as ocean points in597

both the remote sensing and model data.598
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A

B

(a)

(b)

Figure A1. Sea ice evaluation: focus on the SIE. Note that we consider that there is actu-

ally sea ice on the top of the ocean when the SIC is superior to 0.15. We show the evaluation of

the SIE for our simulation and the satellite observations (Peng et al. (2013) updated) through

the representation of the SIE climatology (a). The SIE time series of our simulation and the

observations are displayed on (b) with the global, maximum and minimum trends.

The average seasonal SIE is relatively well represented by our simulation, despite599

an underestimation by about 16 % over the studied period (Figure A1a). The trend and600

interannual variability of the maxium annual SIE is also well reproduced (Figure A1b).601

This is however not the case of the annual SIE minimum that has a negative trend in602

our simulation but not in the remote sensing product.603

A2 ice-shelf basal melt Rates604

Then, we focus on the ice-shelf basal melt rates and compare them with the dataset605

produced by Rignot et al. (2013) and Depoorter et al. (2013) based on remote sensing606

data and firn simulations (Figure A2). Our simulated melt rates are slightly higher than607

the remote sensing estimates by about 0.37× 10−4 kg/m2/s for Getz to about 1.11×608

10−4 kg/m2/s for Abbot for the period 2003-2008 (Thwaites left apart). We strongly609

underestimate melt rates underneath Thwaites, which may be related to the fact that610

our ice-shelf topography is from BedMachine-Antarctica (Morlighem et al., 2020) and611

is representative of the recent years, while Rignot et al. (2013) and Depoorter et al. (2013)612

used an older topography. Large ice thinning and front retreat has indeed occurred at613

Thwaites in the mid 2010s (Alley et al., 2021), which may reduce local melt rates (Donat-614

Magnin et al., 2017).615

A3 Temperature and Salinity616

Finally, we compare our simulation to the conservative temperature (CT) and ab-617

solute salinity (AS) profiles collected on the Amundsen Sea continental shelf over 1994-618

2018 (Dutrieux et al., 2014; Jenkins et al., 2018). The location of individual profiles is619

shown in Figure A3a. Simulated CT is overestimated by no more than 0.5 °C (Figure A3b,c),620
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Figure A2. Evaluation of the ice-shelf basal melt rates for our simulation and the observa-

tional estimates from (Rignot et al., 2013) and (Depoorter et al., 2013) for the period 2003-2008,

and from (Adusumilli et al., 2020) for the period 1994-2018. The middle of the bars indicate

the mean values over the considered period, while their height indicates the associated standard

deviation (mean value ± std value).

and winter water (WW) tends to be slightly too salty in our simulations while CDW tends621

to be slightly too fresh (Figure A3b,d). The CT overestimation above the thermocline622

is in accordance with the global underestimation of sea ice. This overestimation results623

in a slightly thinner and shallower thermocline (as defined in the caption of Figure 3)624

for the simulations compared to the observations.625

Overall, we conclude that our simulation is suitable to conduct the analysis we present626

in this paper, and that our results can be interpreted in a realistic context.627

Appendix B Cross-sections628

We share additional cross-sections climatologies of the along-shelf ocean velocity629

in between the Do-Ge trough and the western PI-Th trough (Figure B1) in order to put630

our simulation in perspective with observations from ? (?)their Figure 6]walker2013oceanographic,631

and to stress the role of the southern ACC branch initiated to the south-east of the Ross632

Gyre. Indeed, this branch can be spotted on the cross-section at x=910 km for y∈[20, 55] km633

around 300 m, and it impacts the shelf break around x=1030 km, initiating a strong east-634

ward undercurrent at the entry of the western PI-Th trough. In addition, we show the635

same cross-sections for the CT (Figure B2) to underline the deepening of the thermo-636

cline from east to west and the consistency of the vertical cold to warm waters limit at637

˜27.55 kg/m3. Finally, we display the along-shelf thermal flux (Figure B3) expressed by638

Φx,th = ρwcpwΓT

√
CDu(CT−CTref ) where ρw = 1026 kg.m−3, cpw = 3992 J.kg−1.K−1

639

(see also Tab. 1 and Jourdain et al. (2017)) and with a reference CT set to -2 °C. It en-640

ables to keep the sign of the thermal flux associated to the aligned current and to focus641

on the thermal flux below the thermocline, in the CDW zone.642

Appendix C Movies643

C1 Supplementary: ”Aligned current Oxz Oxy.mp4”644

Movie showing, through time, the aligned current in an (Oxz) reference frame for645

the top panel and an (Oxy) reference frame for the bottom panel. On the one hand, the646

top panel focuses on the aligned current just off the continental shelf, averaged along the647

orthogonal direction (0<y<25 km). And on the other hand, the bottom panel gives a648

broader overview of the aligned current at 301 m close to the shelf break (marked with649
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CDW

WW

A B

C D

(a)

(c)

(b)

(d)

Figure A3. Evaluation of the ocean temperature and salinity. We show on (a) the map of

the CTD data collected (Dutrieux et al. (2014) updated) on the continental shelf - delineated

as in Figure 2a - between 1994 and 2018 (cf. colors). The mean T-S diagram, with the CT and

AS, for all those CTD locations is displayed on (b) for both our simulation and the observations,

with colors referring to the depth. Finally, we display the associated mean CT profiles (c) (resp.

AS profiles (d)) for our simulation and the observations with the thermocline characteristics

annotated on the CT profiles.

T2

T1

0
200

400

600

800

1000
1200

1400
1600

1800

2000

A

C

E

D

F

B
(a)

(c)

(e)

(b)

(d)

(f)

Figure B1. From Do-Ge trough to western PI-Th trough. We show on (a) the shelf break

reference frame as on Figure 2a, with the blue lines corresponding to the five cross-sections con-

sidered on (b-f, from west to east) showing the climatologies of the along-shelf velocity. In panels

(b-f), a red (resp. blue) color means that the current is globally eastward (resp. westward).

Isopycnals (potential density anomalies) are plotted every 0.05 kg.m-3 and the identified shelf

break is shown as a dotted black line at y=0 km.
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Figure B2. From Do-Ge trough to western PI-Th trough. Same as B1 but for the CT.
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Figure B3. From Do-Ge trough to western PI-Th trough. Same as B1 but for the aligned

thermal flux. A red (resp. blue) color means that the thermal flux is globally eastward (resp.

westward).
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a continuous black line at y=0 km with markers every 100 km). On both panels, the west-650

ern and very eastern extremities of Russel Bay are marked, either by vertical lines (top)651

or by squares (bottom). Finally, the two cross-sections in this study are drawn on the652

bottom panel.653

C2 Supplementary: ”Aligned current T1 T2.mp4”654

Movie displaying the aligned current at the shelf break of the two cross-sections655

(T1: top left panel, T2: bottom left panel) from January 1980 to December 2018 (mean656

state represented on Figure 4). In addition, a third panel was built to give insights on657

the vertical structure of the eastward ”undercurrent” at the extremity of the continen-658

tal shelf (see Section 3.1). For every month, the aligned current was averaged along the659

orthogonal direction (-15<y<0 km) for the two cross-sections, and both a barotropic com-660

ponent (markers at the top) and a baroclinic component (curves) were extracted.661
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