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Abstract18

Realistically approximating the basal melting of ice shelves is critical for reliable climate19

model projections and the process representations in ice-ocean interaction. In this re-20

gard, extensive research attributes the massive thinning of vulnerable ice shelves to basal21

melting enhancement driven by ocean water warming, focusing mainly on oceanic warm22

water intrusion into the sub-shelf basins. However, climate models mainly underestimated23

the impacts of probable small-scale processes at the ice-ocean interface on basal melt-24

ing by using smooth ice base topographies. This paper provides new insights into how25

small-scale features on the ice-ocean interface contribute to the basal melting enhance-26

ment and spatial distribution. We developed a time-dependent, two-dimensional ice-shelf27

plume model as an optimal tool that allows a high-resolution representation of basal to-28

pography and with the unique ability to provide valuable information from the mixed29

boundary layer between ocean and ice shelves. In an exemplary case study for the float-30

ing ice tongue of the 79◦ North Glacier, systematic sensitive analyses were performed31

with the developed model. Our results show that the sub-km-scale basal channels with32

realistic dimensions increase the mean basal melt rate and generate extreme and size-33

able lateral variability of melting at the grounding line. This mechanism is not repro-34

ducible with the tuning of drag coefficient. Besides, it reveals that the subglacial discharge35

in the channels has contradicting effects of reducing the melt rate by refreshing the sea36

water and increasing the freezing point while increasing the melt rate due to high wa-37

ter speed. However, the latter was dominant in our experiments.38

Plain Language Summary39

Ice shelves are floating extensions of polar ice sheets. Massive thinning of ice shelves,40

attributed to basal melting, influences the dynamics of outlet glaciers and, consequently41

climate system on a larger scale. Realistically approximating the ice shelf basal melt-42

ing rate increases the reliability of process studies and climate projections. However, mod-43

elling studies on the subject have been chiefly restricted to attributing large-scale pro-44

cesses. In this study, in a suite of simulations, we investigated the impacts of observed45

narrow basal channels and subglacial discharge in developing a boundary layer flow at46

the ocean-ice interface, which controls basal melting. We developed a time-dependent47

two-dimensional plume model that, in addition to its low computational resource demands,48

provides valuable detailed information for basal melting. Our sensitivity analyses for the49

case study of the floating ice tongue of the 79◦ North Glacier, which experiences thin-50

ning, reveal that narrow basal channels cause both high melt rate and variability at ground-51

ing lines and elevated mean melt rate. Besides, subglacial discharge into the channels52

has the potential to decrease and enhance the melt rate due to refreshing the sea wa-53

ter and increasing the plume speed, respectively. However, for the configurations of our54

study, the latter was dominant.55

1 Introduction56

A growing body of literature recognises the importance of the basal melting of ice57

shelves in various fields. It is a significant area of interest in glaciology and climate stud-58

ies since it modifies the buttressing of inland ice, regulates the retreats of outlet glaciers59

(Walker et al., 2008; Cowton et al., 2018), impacts ice discharge (Miles et al., 2022), in-60

fluences the structural integrity of ice shelves (Larter, 2022) and indirectly affects sea61

level rise (Straneo & Heimbach, 2013; Hoffman et al., 2019; Seroussi et al., 2020; Purich,62

2022). Basal melting of ice shelves also contributes to glacial meltwater, a classical prob-63

lem in oceanography. Meltwater impacts sub-ice-shelf circulation (MacAyeal, 1984; Jenk-64

ins & Holland, 2002; Straneo et al., 2011; Mankoff et al., 2012) and contributes to the65

shelf water properties modification and enhancement of the ocean’s acidification (Jacobs,66

1986; Fransson et al., 2015; Bronselaer et al., 2020). On larger spatial scales, the con-67
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tribution of meltwater to weakening the Atlantic meridional overturning circulation and68

the vulnerability of dense bottom waters are stressed (Foldvik & Gammelsrød, 1988; Böning69

et al., 2016; Yang et al., 2016; Williams et al., 2016). Although extensive research has70

been carried out, emphasizing the critical role of ice shelves basal melting, estimating71

the melt rate is still in its infancy. It is technically challenging due to an inadequate rep-72

resentation of physical processes in the models, substantial uncertainties, and limited in-73

situ observations at ice–ocean interfaces (Thomas, 1979; Little et al., 2007; Straneo et74

al., 2010; Dinniman et al., 2016; Asay-Davis et al., 2017; Zeising et al., 2022). However,75

it is essential to better understand the hydrodynamic processes underneath ice shelves,76

and to constrain climate projections. This study aims to broaden our knowledge in this77

field by assessing the impacts of the ice base topography, basal channels, and subglacial78

discharge in shaping the melt rate distribution. These are the physical features whose79

effects are usually undervalued in climate and large-scale studies. In the rest of the in-80

troduction, we explore the obstacles and limitations in detail and explain our particu-81

lar aims.82

Traditionally, many studies simplify estimating basal melting by deploying smooth83

ice base topographies (e.g. Arzeno et al., 2014; Bernales et al., 2017; Lazeroms et al., 2018;84

Reese et al., 2018). In contrast, some studies recognise the crucial role of a realistic ice85

base topography in modelling ice shelf-ocean interaction (Holland & Feltham, 2006; Mueller86

et al., 2012; Wei et al., 2020). The results show a high sensitivity of spatial distribution87

of basal melt rate to the model geometry. In addition, the interaction of basal melting88

and the basal channels has long been a question of great interest (Sergienko, 2013; Drews,89

2015; Watkins et al., 2021). For example, observations have suggested that sizeable lat-90

eral variability of melting is likely due to the presence of basal channels (Motyka et al.,91

2011). It has previously been observed that basal channels are common in Greenland92

(Petermann Glacier) and Antarctica (Rignot & Steffen, 2008; Le Brocq et al., 2013; Al-93

ley et al., 2016; Marsh et al., 2016; Hofstede et al., 2020; Wang et al., 2020; Humbert et94

al., 2021). However, studies suggested that basal channels are pronounced in regions with95

high basal melting (Rignot & Steffen, 2008; Wei et al., 2020). Recently, studies exam-96

ined the effects of idealized, km-wide, channelized ice base topography of the floating tongue97

of Petermann Glacier on overall melting (Gladish et al., 2012; Sergienko, 2013; Millgate98

et al., 2013; Washam et al., 2019). They argue that channels protect ice shelves from strong99

melting. It is also suggested that such channels are the results of feedback relating to100

ocean induced melting and ice-shelf basal slopes (Gladish et al., 2012; Dutrieux et al.,101

2014). So far, however, there has been little discussion about narrow basal channels (sub-102

km-scale) (Dutrieux et al., 2013; Zeising, 2022). This study provides new insights into103

the effect of such channels on melting and highlights the importance of using a realis-104

tic ice base topography.105

Recently, researchers have measured a high melt rate of about 100− 200myr−1
106

at grounding lines (Shean et al., 2019; Zeising, 2022). This is of interest because it is now107

understood that melting at grounding lines controls the retreat of glaciers (e.g. Lilien108

et al., 2019; Jordan et al., 2022). The mechanisms that cause such a high melt rate are109

not fully understood. It is widely believed that subglacial discharge enhances the entrain-110

ment and brings heat from warm ambient water in contact with ice shelves (e.g. Jenk-111

ins, 2011; Washam et al., 2019). Nakayama et al. (2021) also draw attention to the fact112

that even a high-resolution regional ocean model (200 m) could not predict such a high113

melt rate at grounding lines unless there is subglacial discharge. However, Nakayama et114

al.’s modelling does not consider the role of roughness of the ice surface as well as high115

and narrow channels. One purpose of our study is to assess the extent to which these116

factors, combined with subglacial discharge, contribute to high melt rates at grounding117

lines. We also systematically investigate the role of subglacial discharge on the spatial118

distribution of melt rates.119
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This investigation takes the form of a case study for the 79◦ North Glacier (79NG),120

as one of the outlet glaciers of the Northeast Greenland Ice Stream, carrying alone 0.58m121

sea level equivalent (Krieger et al., 2020). Recent evidence suggests that 79NG has been122

out of equilibrium since 2001 (Mayer et al., 2018) and that substantial thinning occurred123

near the grounding line (Mouginot et al., 2015; Zeising, 2022). A rapid, significant change124

in the basal melt rate is suggested to be the primary reason for thickness variability, with125

the contributions from ice flux and surface ablation being negligible (Mayer et al., 2018).126

A suggested explanation of the observed thinning is the increased oceanic heat flux due127

to the warming of Atlantic waters (Wilson & Straneo, 2015; Schaffer et al., 2017; Wil-128

son et al., 2017; Mayer et al., 2018; Lindeman et al., 2020). It has recently been observed129

that a boundary current supplies warm Atlantic Intermediate Water (AIW), warmer than130

1◦C, to the 79NG (Schaffer et al., 2017) and its floating ice tongue (Schaffer et al., 2020).131

Ocean temperature rising by 0.5◦C since the end of the 20th century along the existing132

pathway for AIW towards the 79NG (Schaffer et al., 2017) provides the potential of fur-133

ther increased melting at the base of the 79NG.134

To date, several attempts have been made for the 79NG to estimate basal melt rates,135

and to map the spatial distribution of basal melting. Anhaus (2017); Mayer et al. (2018)136

used a one-dimensional plume model (Jenkins, 1991) to estimate basal melting along sev-137

eral flowlines (transects), and to investigate the sensitivity of submarine melting towards138

oceanic forcing. They conclude that the maximum magnitude of basal melting is reached139

near the grounding zone and that melt rates decay rapidly towards the calving front, which140

matches with in-situ radar observations from 2017 and 2018 (Zeising, 2022). Near the141

grounding line, Zeising (2022) found melt rates exceeding 100myr−1, while low melt rates142

of < 3myr−1 were observed at the calving front. Furthermore, Wilson et al. (2017) no-143

ticed the spatial heterogeneity of basal melting inferred from high-resolution World-View144

satellite imagery between the years 2011 and 2015. However, there have been no system-145

atic studies investigating spatial variability. At the same time, our knowledge about the146

effect of basal channels on basal melting is still very limited. We therefore designed a suite147

of idealized numerical experiments based on a realistic ice base topography of 79NG and148

general spatial characteristics of basal channels, including a synthetic network of basal149

channels, to estimate the basal melting and its spatial variability. Using a combination150

of quantitative and qualitative approaches, we perform a series of sensitivity analyses151

to estimate the basal melt pattern.152

This study develops a two-dimensional plume model as an efficient tool for esti-153

mating basal melt rate patterns. Plume models predict the dynamics and physical prop-154

erties of meltwater underneath the ice shelf that are modified by subglacial discharge and155

turbulent entrainment of ambient seawater (Beckmann et al., 2018; Begeman et al., 2022).156

The conceptual framework of a plume model is dividing the ice-ocean boundary layer157

into two dynamical regions (Jenkins et al., 2010), a laminar sublayer located directly at158

the ice-ocean interface and a turbulent mixed layer affected by rotation and stratifica-159

tion (Holland & Feltham, 2006; Jenkins et al., 2010; Burchard et al., 2022). In contrast160

to three-dimensional modelling (Losch, 2008; Timmermann et al., 2012), plume models161

consider the water body far from the ice base as stagnant ambient water. Nevertheless,162

its computational efficiency allows for a better representation of basal topography, in-163

cluding narrow basal channels, due to increased horizontal resolution. Therefore, it is164

the optimal tool for our systematic sensitivity analyses.165

This paper has been divided into six sections. After this introduction, we first give166

a brief overview of the developed plume model and the model setup in sections 2 and167

3. Section 4 investigates the impacts of ice base topography, basal channels and subglacial168

discharge. Discussion and conclusions are given in sections 6 and 7.169
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2 The plume model170

2.1 Model equations171

The two-dimensional plume model applied in the present study is based on time-172

dependent, vertically integrated prognostic equations (Holland & Feltham, 2006). This173

system of equations represents the buoyant turbulent gravity currents underneath large174

ice shelves, including basal melting at the ice-water interface and entrainment of warm,175

saline water at the bottom of the turbulent plume. The hydrodynamic and hydrographic176

properties of the plume result largely from a balance of upward buoyant forces, and tur-177

bulent fluxes at the interface between glacier ice and plume water, as well as between178

plume water and ambient water. Plume properties are modified by the entrainment of179

ambient water, i.e., changes in the mass, heat, and salt budgets. Momentum is gained180

from buoyancy, which is reduced by friction at the ice-water interface and entrainment.181

Consequently, the depth-averaged plume model consists of equations describing the con-182

servation of mass, momentum, heat, and salt. The equations are derived assuming the183

turbulent, buoyant boundary layer underneath the ice shelf is vertically well mixed. The184

set of plume model equations derived from these principles has been comprehensively185

described in previous works such as Jenkins (1991), Jungclaus and Backhaus (1994), Holland186

and Feltham (2006), and Jenkins (2011).187

The time-dependent plume thickness equation, originating from the conservation188

of mass under the Boussinesq approximation, reads as follows:189

∂h

∂t
+∇ · (uh) = we + ṁ, (1)

where h and u = (u, v) are the plume thickness and the depth-averaged horizontal ve-190

locity vector, respectively. we and ṁ denote the entrainment velocity and the melt rate191

at the ice-water interface (see below for the parameterizations). The momentum balance192

of the plume is described by193

∂ (hu)

∂t
+∇ · (uhu) = gh2

2ρ0

∂ρ

∂x
+ g′h

∂ (Z − h)

∂x
− Cd|u|u+ hfv,

∂ (hv)

∂t
+∇ · (uhv) = gh2

2ρ0

∂ρ

∂y
+ g′h

∂ (Z − h)

∂y
− Cd|u|v − hfu,

(2)

with the basal ice topography Z (vertical position of the ice-ocean interface), the Cori-194

olis parameter f , the drag coefficient Cd, and the buoyancy g′ = g∆ρ/ρ0, with the grav-195

itational acceleration g, density contrast ∆ρ = ρa − ρ, plume density ρ, ambient den-196

sity ρa, and reference density ρ0. The drag coefficient Cd is either constant or calculated197

in agreement with the logarithmic law of the wall,198

Cd = max

0.0005 ;

(
κ

ln 0.5h+z0
z0

)2
 , (3)

where z0 = ks/30 and ks = 0.001 m is the characteristic height of the roughness ele-199

ment, with the latter chosen to yield variable drag coefficients within the range of pre-200

vious studies. In our experiments, the plume density is approximated by a linear equa-201

tion of state,202

ρ = ρ0 [1 + βs (S − S0)− βθ (θ − θ0)] , (4)

with absolute salinity S, potential temperature θ, haline contraction coefficient βs, ther-203

mal expansion coefficient βθ, reference salinity S0, and reference potential temperature204

θ0. The empirical parameters used in the present study are given in Tab. 1. The terms205

on the right-hand side of (2) represent baroclinic forcing (due to lateral density gradi-206

ents), buoyancy, drag at the ice-water interface, and rotation, respectively.207
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Salinity and potential temperature of the plume are derived by vertically integrat-208

ing the heat and salt budgets:209

∂ (hS)

∂t
+∇ · (uhS) = weSa + ṁSi, (5)

210

∂ (hθ)

∂t
+∇ · (uhθ) = weθa + ṁ

[
θf − Li

c
− ci

c
(θf − θi)

]
, (6)

where subscripts a denote properties of ambient water and subscripts i denote proper-211

ties of the ice, θf the freezing point of plume water, and θi core temperature of the ice212

shelf. Furthermore, Li is the latent heat of fusion, ci specific heat capacity of ice, and213

c specific heat capacity of sea water (values are given in Tab. 1). As defined by equa-214

tions (5) and (6), salinity and temperature of the plume depend on lateral advection, en-215

trainment of ambient water and fluxes across the ice-ocean interface. Note that the salt216

flux through the ice base, ṁSi, is negligible as Si = 0.217

To close the set of equations (1) – (6), parameterizations for the mass, momentum,218

salt and heat fluxes through the ice-ocean interface as well as through the bottom of the219

plume are needed. At the ice-ocean interface Z, the melt rate ṁ and the salt and heat220

flux are calculated by means of a linear model. Classical approaches derive the melt rate221

using the balance of heat and salt flux at the ice-ocean interface (Hellmer & Olbers, 1989;222

Jenkins, 1991; D. M. Holland & Jenkins, 1999). In a more straightforward approach, Jenkins223

(2011) applied the formulation proposed by McPhee (1992) for the heat balance at the224

ice-ocean interface of the plume:225

ṁLi + ṁci (θf − θi) = C
1/2
d ΓTS |u|c (θ − θf ) , (7)

with the Stanton number, C
1/2
d ΓTS . The freezing temperature of the plume water, θf ,226

is calculated by means of227

θf = λ1S + λ2 + λ3Z, (8)

with the empirical parameters λ1, λ2 and λ3, see Tab. 1.228

To estimate the entrainment velocity, following previous work (Jungclaus & Back-229

haus, 1994; Payne et al., 2007), we apply the Kochergin (1987) parameterization:230

we =
c2l
Sm

√
|u|2 + g′h

Sm
, (9)

where cl is the Kochergin entrainment parameter, Sm is the turbulent Schmidt number231

(Mellor & Durbin, 1975),232

Sm =
Ri

0.725
(
Ri + 0.186−

√
R2

i − 0.316Ri + 0.0346
) (10)

and Ri = g′h/|u|2 is the gradient Richardson number.233

The governing equations are discretized on a staggered Arakawa C-Grid. Advec-234

tion is carried out by directional-splitting, offering different options for high-order TVD235

limiters with reduced numerical mixing (Klingbeil et al., 2014; Mohammadi-Aragh et al.,236

2015). The model supports the definition of inflow boundaries, where subglacial discharge237

can be provided, outflow boundaries and closed boundaries, where free-slip conditions238

are applied.239
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Symbol Value Name Equations
g 9.81m s−2 Gravitational acceleration (2), (9)
κ 0.4 van Karmann constant (3)
S0 34.5 (g/kg) Reference salinity (4)
θ0 -2.0 ◦C Reference temperature (4)
βs 7.86× 10−4 Haline contraction coefficient (4)
βθ 3.87× 10−5 K−1 Thermal expansion coefficient (4)
Si 0 (g/kg) Salinity of ice (5)
ci 2009 J kg−1K−1 Specific heat capacity for ice (6), (7)
c 3974 J kg−1K−1 Specific heat capacity for seawater (6), (7)
Li 3.35× 105 J kg−1 Latent heat of fusion for ice (6), (7)
θi -15.0 ◦C Ice core temperature (6), (7)

C
1/2
d ΓTS 5.9× 10−4 Stanton number (7)

λ1 −5.73× 10−2 ◦C (g/kg)−1 Seawater freezing point slope (8)
λ2 8.32× 10−2 ◦C Seawater freezing point offset (8)
λ3 7.61× 10−4 ◦Cm−1 Depth-dependence of freezing point (8)
cl 0.00125 Kochergin entrainment parameter (9)

Table 1. Parameter settings for the model experiments. The optimal Kochergin entrainment

parameter cl was obtained by a sensitivity analysis (see Fig. 6).

Figure 1. The location and computational domain of 79NG. The freshwater inflow cells

(grounding line) are shown in red color, and the black dashed line and black simple line present

outflow boundaries. The black simple line are considered as a closed boundary in our simulations.

The red triangle shows the location of three CTD profiles taken in front of the main calving front

at 19◦56’W and 79◦55’N. This figure has been produced using the BedMachine data set of the

Greenland ice sheet (Morlighem et al., 2017).
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3 Model setup for 79NG240

3.1 Study area241

The 79NG has a large floating ice tongue of approximately 70 km in length and 20 km242

in width that widens to around 30 km from the middle of the ice tongue towards the east-243

ern calving front (see Fig. 1). Seismic measurements have shown a deep cavity under-244

neath the floating tongue, with the deepest region near the mid-part of the cavity (Mayer245

et al., 2000). The shallowest parts of the cavity are near the calving front and at the ground-246

ing line (e.g. Mayer et al., 2000), where ice limits and narrows the inflow of water. A bottom-247

intensified flow carries warm AIW into the cavity over an underwater sill (Schaffer et al.,248

2020). Several studies based on ocean observations suggest that the residence time of249

AIW in the cavity is less than one year (Wilson & Straneo, 2015; Schaffer et al., 2020;250

Lindeman et al., 2020). A flow of warm, saline water along Dijmphna Sound (Fig. 1) to-251

wards the second, northeastern calving front of the ice tongue has not been observed (Schaffer252

et al., 2020; Lindeman et al., 2020), and a sill at the mouth of the fjord has assumably253

prohibited it (Wilson & Straneo, 2015). The mixture of AIW with subglacial discharge254

and meltwater generates a buoyant water mass, i.e., modified AIW, that is exported out255

of the cavity at a depth shallower than 250m (Schaffer et al., 2020).256

Airborne radar measurements at the 79NG from 2018 revealed a channelised basal257

geometry near the grounding line. While the height of narrower basal channels is roughly258

between 80 m to 160 m, the height of the larger channels exceeds 200m (Zeising, 2022).259

The width of these channels increases from several 100 m to 1 km (sub-km-scale) along260

the ice flow direction. The heights of these channels decrease in the ice-flow direction.261

Channels in a steady-state system are formed under constant melt rates with time262

leading to a positive slope in the direction of glacier termini (ice thickness thinning from263

upstream to downstream). When melt rates increase with time at a particular location,264

e.g., near the grounding line, the slope inside the channels inverts and introduces a shape265

like a dome. However, melt rates may increase with time in a transient system, leading266

to a thinner ice upstream. Airborne radar data from 2018 and the deepening of the sur-267

face above the basal channels (2016 and 2019) suggest that basal channels at the 79NG268

are in a transient system (Zeising, 2022).269

3.2 Computational domain270

The domain of interest is resolved by an equidistant grid with 150 m resolution.271

The computational domain for our 79NG plume model is shown in Fig. 1, which depicts272

computational cells (blue, floating ice), freshwater inflow cells with prescribed subglacial273

discharge (red, grounding line), and outflow boundaries (green, termini of ice tongue).274

For outflow boundaries, we avoid using zero gradients (zero-scalar-flux) boundary con-275

ditions that are typically used and are intrinsically prone to numerical instabilities. In-276

stead, we extend the computational domain beyond the termini of the ice tongue and277

avoid outflow boundaries in the domain. The boundary that faces Dijmphna Sound is278

considered a closed boundary (yellow cells, Fig. 1) since it is characterized as grounded279

ice and the ice thickness and bed topography have a maximum error at this location. We280

also tested permitting nonzero outflow fluxes. However, the resulting magnitude and melt281

pattern were similar. Thus, we do not permit outflow flux in this region for the rest of282

this study.283

3.3 Ice base topography284

3.3.1 Observational data set285

In Equation (2), the ice base topography determines the vertical position of the ice-286

ocean interface Z. We find the (raw) ice base topography (Fig. 2b) as the difference be-287
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Figure 2. Maps of a) thickness of the ice tongue, and b) the raw ice base topography ZRAW.

This figure is produced using the BedMachine dataset of the Greenland Ice Sheet (Morlighem et

al., 2017).
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Table 2. Overview of different settings for the performed experiments.

Ice base topographies

Label ZRAW ZRO — — — — — — — ZREF ZC100S ZC200S ZC200T

Filter (km) — 1.35 1.65 1.95 2.25 2.55 2.85 3.15 3.45 3.75 3.75 3.75 3.75

Channels — — — — — — — — — — Steady and Transient,

100m and 200m high

LVTavg (10−3) 12.2 10.0 8.7 7.7 7.0 6.5 6.0 5.6 5.3

Subglacial discharge along grounding line

per width [m2 s−1] 0 0.008 0.016 0.032 0.064 0.128 0.256 0.512 1.024

total [m3 s−1] 0 224 448 896 1792 3584 7168 14336 28672

tween ice surface elevation and ice thickness (Fig. 2a) obtained from the BedMachine288

Greenland v3 dataset of Greenland (Morlighem et al., 2017). The dataset is produced289

using data from 1993 to 2016 with the nominal date of 2007. The gridded data set cov-290

ers the bedrock topography and the ocean bathymetry with a horizontal grid spacing291

of 150 m.292

Figure 2b shows that the cross-section of the ice base has an asymmetric, convex293

shape. The ice base’s large-scale slope and thickness are reduced towards the calving fronts.294

The error map in Morlighem et al. (2017) indicates that the error of ice thickness and295

bed topography reaches a maximum near the calving front towards Dijmphna Sound.296

The uncertainties in ice thickness and the classification of ice as grounded or floating ice297

in this region are also mentioned by Schaffer et al. (2016).298

3.3.2 Filtered ice base topographies299

Due to the uncertainties and sharp discontinuities, we do not directly apply the raw300

ice base topography in our model. In order to investigate the impact of topography fil-301

tering on basal melting, we created different topographies with different filter widths for302

our simulations. A reference topography ZREF, resembling the typical resolution of shelf303

sea models, was generated using a 3.75 km × 3.75 km filter. Other topographies were304

obtained with filter widths successively decreased by 0.3 km. The smallest applied fil-305

ter width was 1.35 km × 1.35 km filter to generate the rough topography ZRO.306

The resulting Local Variation of Topography (LVT) is measured by307

LVTj,i =
1

Nj,i

1∑
n=−1

1∑
m=−1

∣∣∣∣Z (j, i)− Z (j + n, i+m)

Z (j, i) + Z (j + n, i+m)

∣∣∣∣ , (11)

where Nj,i, j,i are the number of pairs of adjacent computational cells with the central308

grid point, and indices of cells in both main horizontal directions of the computational309

coordinate, respectively. Nj,i is maximum 8. LVT can be interpreted as the slope fac-310

tor (Sikirić et al., 2009) in a one-dimensional domain. For all topographies the average311

LVT values are given in Tab. 2. The reference and rough topographies and their LVT312

maps are shown in Fig. 3.313
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Figure 3. Comparison of ice base topographies used in the simulations and their associated

local variation of topography (LVT): a) rough ZRO, b) reference ZREF , c) reference with tran-

sient channels ZC200T , d) arrangement and geometrical characteristics of basal channels, e) LVT

of ZRO, f) LVT of ZREF . LVTav denotes the average LVT of the domain.

–11–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

3.3.3 Synthetic network of basal channels314

The rough ice base topography indicates glacio-morphological features aligned in315

flow direction with a pronounced and regular structure near the grounding line. How-316

ever, a network of basal channels as observed by airborne radar measurements is not present.317

In order to investigate the impact of basal channels on basal melting, we added a318

network of large and small basal channels to the reference ice base topography. The lo-319

cation and arrangement of the channels are shown in Fig. 3d. We designed three topogra-320

phies with different geometries for the channels. For the first two topographies, the large321

channels represent a steady-state system and are described by exponentially decreasing322

channel heights H(x) with distance from the grounding line x,323

H(x) = H0 exp (−b · x), (12)

with H0 = 100m and H0 = 200m, respectively, and with b = 0.16 × 10−3 m−1, rep-324

resenting an e-folding length of 6.25 km.325

For the third topography the large channels represent a transient system and are326

described by327

H(x) = −H1 exp (−b1x) +H2 exp (−b2x), (13)

with H1 = 300m, H2 = 80m, b1 = 0.66 × 10−3 m−1, and b2 = 0.16 × 10−3 m−1.328

For all topographies the small channels are given by (12) with H0 = 100m and329

b = 0.36 × 10−3 m−1. The profiles of all channels are shown in Fig. 4. The width of330

all large and small channels increases from several 100 m to 1 km along the ice flow (sub-331

km-scale).332

We name these ice base topographies after their maximum channel heights and their333

stability as ZC200T , ZC200S , and ZC100S , respectively. The ice base topography ZC200S334

is presented in Fig. 3c.335

3.4 Oceanic forcing336

Ocean forcing is included in the model using the properties of the ambient water337

in terms of salinity, Sa, potential temperature, θa, and potential density, ρa, that deter-338

mine the entrainment at the bottom of the plume as well as the reduced gravitational339

acceleration, g′. Here, the properties of the ambient water are considered to depend on340

depth only. We use Conductivity-Temperature-Depth (CTD) profiles taken from R/V341

Polarstern (cruise PS100) in summer 2016 (Kanzow et al., 2017) right in the pathway342

where warm AIW flows towards the subglacial cavity (Schaffer et al., 2020). To char-343

acterize the ambient water, we use the average of three CTD profiles taken in front of344

the main calving front (see Figs. 1 and 5).345

3.5 Subglacial discharge346

In addition to the meltwater generated by melting at the base of the floating ice347

tongue, which is computed as part of our plume model, we also consider a meltwater flux348

from subglacial discharge. Assuming the subglacial discharge to be distributed uniformly349

along the grounding line, we conduct experiments with different discharge rates, sum-350

marised in Tab. 2. Note that the discharge rates we prescribe are idealised and are not351

strictly based on theory or observations. However, Schaffer et al. (2020) suggested that352

for the cavity beneath the 79NG floating ice tongue, about 11% of the freshwater enters353

the fjord as subglacial discharge, while about 89% originate from subglacial melting at354

the ice-ocean interface, and we used these findings as a guideline to design a range of dis-355

charge rates. We prescribe the discharge flux per width of the grounding line, starting356

after a spin-up time of 5 d. We compute the total subglacial discharge (Tab. 2) by con-357

sidering that the approximated length of the grounding line is 28 km.358
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Figure 4. Comparison of ice base topographies of the synthetic channels: a) Large channels

(steady and transient) and b) small channels. Both large and small channels are channel number

two from Fig. 3d. Ice surface and Zref in both panels show the height and draft of the reference

ice base topography along the channels.
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Table 3. Names and settings of specific experiments.

Experiment Ice base topography Subgl. Discharge [m3 s−1]

Reference ZREF 0
Rough ZRO 0
ChannelsT ZC200T 0
RefSubD ZREF 28672
RoughSubD ZRO 28672
ChannelsTSubD ZC200T 28672
ChannelsSSubD ZC200S 28672

3.6 Model calibration359

We performed sensitivity experiments on the Kochergin entrainment parameter,360

drag coefficient, and Local Variation of Topography (LVT). As a benchmark, we com-361

pare the simulated average basal melt rate to the mean basal melt rate estimated from362

remote sensing (Wilson et al., 2017). Figure 6 shows that the model is sensitive to the363

spatially constant drag coefficient, as the averaged basal melting decreases dramatically364

by increasing this coefficient. In contrast, increasing the Kochergin number increases the365

averaged melt rate. The Kochergin number is relevant to the heat transfer of ambient366

water to the plume water via the entrainment process. Accordingly, a higher Kocher-367

gin number means a higher supply of heat. Results also show that the variation of LVT368

affects the mean basal melt rate noticeably. Experiments with higher LVT (lower smooth-369

ness) have a higher average basal melt rate. LVT represents more physical meaning than370

drag coefficient since it reflects measured characteristics of ice base topography directly371

affecting mean melt rate.372

We also investigated the sensitivity of the basal melting to different advection schemes373

for both momentum and tracer equations. Our results (not shown here) reveal a low sen-374

sitivity to the choice of advection schemes. We choose the MUSCL (Monotonic Upstream-375

centered Scheme for Conservation Laws) scheme as a diffusive advection scheme (Mohammadi-376

Aragh et al., 2015) for both momentum and tracer equations.377

For the experiments in the following sections, we use the reference and rough ice378

base topographies (large green bullets in Fig. 6). We choose a constant Kochergin num-379

ber of cl = 0.0125 and the variable drag formulation (3).380

4 Impact studies381

4.1 Strategy382

We perform a suite of experiments (see Tab. 3) to investigate the basal melting re-383

sponse to ice base topography and meltwater discharge. The experiments are configured384

using a combination of different ice base topographies and subglacial discharge settings385

given in Tab. 2.386

Parameter values, initial and boundary conditions are identical for all experiments.387

The simulations are continued until a steady-state is reached, defined by a constant av-388

erage plume thickness within the last 5 h. For the Reference experiment this equilibrium389

state is reached approximately after two days of integration. The time-averaged model390

results from the last 2 h are analyzed.391
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4.2 Impact of ice base topography392

In order to investigate the impact of ice base topography, we compare the Refer-393

ence and Rough simulations. The distribution of plume speed and thickness for the Ref-394

erence simulation indicates that the plume travels mainly on two pathways along the north-395

ern and southern margins of the ice tongue (see Figs. 7a, b). A third, shorter pathway396

exists in the center of the ice tongue as a shallower plume with smaller water volume.397

This shallow plume is guided in a direction parallel to the other two streams. It merges398

with the plume along the southern margin in an area where the basal slope gradually399

flattens out. It is important to note that plume water also flows from the central path-400

way across the ice tongue and feeds two main southern and northern plume pathways.401

The lateral slope of ice base topography controls this process.402

In contrast, the plume thickness in the Rough experiment represents a small net-403

work of narrow streams aligned in the ice stream direction (Fig. 7c). The central stream404

has highest plume thickness and speed. These streams have a regular, linear structure405

near the grounding line. For both simulations, the plume thickness increases from tens406

of centimeters near the grounding line to a few tens of meters towards the calving fronts.407

The difference in plume thickness can be explained by different local slopes of ice base408

topography.409

A comparison of the results reveals that the complex spatial structure seen in the410

plume thickness of the Rough experiment enhances plume thickness and speed. The plume’s411

speed for the Rough simulation is up by approximately 10 cm s−1 in a larger region com-412

pared to the Reference simulation. The high speed and complex spatial structure of the413

streams in the Rough simulation cause high entrainment of ambient water in the entire414

domain (see Fig. 8). High entrainment provides more heat for melting in case ambient415

water is warmer and denser than plume water.416

The comparison of basal melt rate patterns and mean melt rate (Figs. 9a,b and Fig. 10)417

confirms higher mean melt rate for the Rough experiment. Besides, in multiple regions,418

the rate of basal melting is approximately one order of magnitude higher. Both exper-419

iments show notable consistency between the locations of patches of high entrainment420

and high melt rates, specifically in a region at the southern margin of the ice shelf with421

open-water signature, called chaos zone (Humbert et al., 2021), such as thin ice thick-422

ness (Figs. 8a,b and Fig. 9a,b). For both experiments and from Figs. 9a,b, we deduce423

that the spatial structure of simulated basal melting generally consists of a background424

of low melt rates (< 10myr−1) and an array of wide or narrow linear features with melt425

rates of 40 to 60myr−1. These linear features are much more pronounced in the Rough426

simulation.427

In the Rough simulation, the small patches of high melt rates occur entire ice shelf428

due to plume speed enhancement (Figs. 7b,d). However, intense melting is confined only429

to the deeper, strongly sloping part and along the margins of the floating ice tongue in430

the Reference simulation. Besides, comparing the spatial pattern of observational melt431

rates (Fig. 9d), and the results of other experiments shows a qualitative dissimilarity.432

Both simulations do not reproduce observed extreme melting rates at the grounding line.433

Most notably, the model suggests the existence of two high-melt bands along the lateral434

margins of the ice shelf. These high-melt bands are within the hinge zone, where the method’s435

assumptions (Wilson et al., 2017) are not entirely applicable. Given that, it is plausi-436

ble to assume that the reduced ice draft along the margins is proper due to two high-437

melt bands and the lateral high-melt bands are an inherent feature of the system due438

to the lateral slopes and the shallow ice-thickness on the sides of the ice shelf.439
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4.3 Impact of basal channels440

In order to study the impact of basal channels, we performed the ChannelsT ex-441

periment (see Tab. 3) using the ZC200T topography described in Section 3.3.3.442

It is important to note that we do not observe horizontal circulations inside the chan-
nels since their width is smaller than the Rossby radius of deformation,

Rd =
(g′chnlhchnl)

1
2

|f |
, (14)

as a length scale at which Earth rotation becomes important. The g′chnl = g∆ρ
ρ0

and hchnl443

are the reduced gravity and the plume thickness inside the channels, respectively. As-444

suming a typical value of ρ0 = 1025 kgm−3, ∆ρ = 2kgm−3, hchnl = 25m, and the445

Coriolis parameter of 1.4301× 10−4 s−1, we estimate the Rossby radius of deformation446

as 4.9 km which is larger than the typical width of the channels of our synthetic network447

(sub-km-scale).448

Figure 9c shows the resulting map of melt rate. Comparison to the remote sens-449

ing based melt rates (Fig. 9d) reveals that both fields present high melt rates near the450

grounding line. The ChannelsT experiment generates an extreme melt rate ⩾ 100 myr−1
451

at the grounding line, even without subglacial discharge. However, the area of these ex-452

treme melt rates extends further downstream than it has been observed from remote sens-453

ing.454

More details about the plume dynamics and melt rates in individual channels are455

presented in Sec. 5.456

4.4 Impact of subglacial discharge457

In order to study the impact of subglacial discharge, we performed experiments with458

different discharge rates given in Tab. 2.459

Figure 10 compares the resulting mean basal melt rates. It shows that gradually460

increasing discharge enhances mean basal melting for all experiments. However, the re-461

sultant enhancement is low initially and almost invariant for the experiments configured462

with basal channels. These findings suggest a dependency of the mean melt rate on the463

type of ice base topography and subglacial discharge.464

Besides, the results show that the experiments including basal channels melt ice465

shelves almost two to four times faster than the other experiments. From comparing the466

mean melt rate of experiments with different basal channel types, we conclude that tran-467

sient channels cause up to 5% more melting. We also find that the type and height of468

channels influence the mean basal melt rate. Higher channels cause higher melting, and469

transient channels show highest mean melt rate. Nevertheless, these differences are mi-470

nor compared to the deviation from the Reference experiment.471

From Figure 10, it can also be seen that there is a noticeable difference between472

the average melt rates of the experiments configured with ZREF and ZRO for nearly all473

discharges. However, for large discharges (and in contrast to the lower discharges) the474

experiment configured with ZREF shows a higher mean melt rate. Hence, it can be con-475

cluded that for low subglacial discharge basal channels are the main drivers of basal melt-476

ing. Especially for ice base topographies without basal channels, subglacial discharge plays477

a prominent role in increasing the mean basal melt rate.478

Figure 11 compares the spatial patterns of the melt rate for the experiments with479

a subglacial discharge of 28672m3 s−1 and different topographies (see Tab. 3). In com-480

parison to the experiments without subglacial discharge (Fig. 9) the areas of intense melt481

rates are extended. Especially, the RefSubD experiment shows enhance melting in com-482
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parison to corresponding Reference experiment without subglacial discharge. However,483

the ChannelsTSubD does not shows noticeable variability compared to ChannelsSSubD.484

5 Plume dynamics inside the channels - Melting variability and de-485

pendency of melt rate to channels geometry486

This section explores the melt pattern inside channels and the regions between them.487

We further investigate the adaptation of the melt pattern to freshwater subglacial dis-488

charge.489

Large channels490

Figs. 12a, b compare the melt rate inside all large channels from the two experi-491

ments with transient channels, ChannelsT and ChannelsTSubD, respectively, the latter492

with additional subglacial discharge (see Tab. 3). The results show that for all large chan-493

nels, the melt rate is reduced away from the grounding line. This is in agreement with494

measurements by Zeising (2022). The maximum melt rate at the grounding line is about495

50 to 100 myr−1 for the ChannelsT experiment. The subglacial discharge slightly en-496

hances the melt rate inside the large channels. For the case of no subglacial discharge497

we also investigated the impact of different channel types on the melt rates inside the498

channels. There is not a notable enhancement in melt rate in the entire channels (not499

shown here).500

Small channels501

Figure 12c shows an unexpected melt pattern for small channels in case of no sub-502

glacial discharge. For channel 4, halfway, i.e., approximately 3 to 5 km from the ground-503

ing line, the melt rate reaches a maximum value higher than 300 myr−1 and then de-504

cays towards the calving front. The finding of an extreme melt rate at a short distance505

from the grounding line may explain the dome formation. However, caution must be taken,506

as the findings might not be general, and we can not extrapolate them to all channels.507

Nevertheless, as shown by Fig. 12d, the melt rate at the grounding line reaches 150 myr−1,508

and the intense melting halfway weakens when subglacial discharge is released. The melt509

rate reduction is also surprising since we have shown so far that subglacial discharge en-510

hances melting.511

Figure 13 provides a closer assessment of channel number 4 to uncover the signif-512

icance of plume water speed and water heat content in developing the two special melt513

rates. According to Eq. 7, we can argue that the basal melt rate is proportional to two514

terms representing the dynamics (speed |u|) and the heat flux ratio (∆ = c(θ−θf )/[Li+515

ci (θf − θi)]) of the plume water:516

ṁ = C
1/2
d ΓTS |u|∆. (15)

Four loci of points are shown in panels a - d of Fig.13, presenting specific geomor-517

phological properties. Note that these interfaces are time-averaged and do not show dy-518

namics. The space between the colored plots and black dots presents the plume thick-519

ness for both experiments. We first investigate the reason for the extreme melt rate halfway520

through the channel. We examine the ChannelsT experiment, which does not include521

subglacial discharge. Then, considering the ChannelsTSubD experiment, we investigate522

the reason for melt rate decay.523

Figure 13a shows that the plume thickness near the grounding line with about 100 m524

height suddenly decreases to a few meters halfway through the channels. This sudden525

change in plume thickness is associated with a sudden increase in plume speed, a pro-526

cess opposite to the hydraulic jump that usually occurs in open channels. Besides, Fig. 13d527
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shows no extreme heat content halfway through the channel. Therefore, a possible ex-528

planation for the extreme melt rate might be the sudden change in plume thickness and529

speed, which are highly related to the slope of ice base topography in the channel. It is530

a transition state that increases kinetic energy. In the second step, we study the second531

profile that includes the subglacial discharge. There is no sudden change in the plume532

speed profile and the interface’s shape between the ambient and the plume water (Fig.13a).533

The subglacial discharge reduces the plume water salinity (Fig. 13b), and the entrain-534

ment increases the plume salinity in the entire water plume journey in the channel. The535

lower salinity at the grounding line increases the freezing point with maximum effect at536

the grounding line that gradually decays (Fig.13c). Therefore, the temperature above537

the freezing point and consequently plume water heat content is decreased at almost the538

entire channel (Fig.13d).539

Although we expect that reducing heat content reduces the melt rate, the melt rate540

at the grounding line and end of channel are increased (1.3 times, Fig, 12d). Besides, heat541

content is slightly increased halfway, which could not cause a reduction in melt rate. Fig.12a542

shows that plume speed increases slightly at the grounding line and decreases 0.6 times543

halfway. Thus, it can be suggested that the role of dynamics of plume water in regulat-544

ing melt rate (increasing at the grounding line and reducing halfway) is higher than the545

heat content of plume water.546

Regions between the channels547

Figs. 12e, f show melt rates decay generally towards the calving front. In contrast548

to earlier findings from (Sergienko, 2013), our results show that the melt rates in the re-549

gions between the channels are higher than inside the channels. As a shred of observa-550

tional evidence, the study devoted to investigating the evolution of ice shelf melt chan-551

nels at the base of the Filchner Ice Shelf presents the same results with high melt rates552

in the region between channels (after 25 km down to 60 km from the grounding line) and553

a reduction of melt rate toward calving fronts (Humbert et al., 2021). The maximum melt554

rate at the grounding line is about 50 to 250 myr−1. Besides, the subglacial discharge555

noticeably enhances the melt rate in the regions between the channels and a high level556

of subglacial discharge.557

6 Discussion558

Our primary objective of this study was to assess the effects of ice base topogra-559

phy, basal channels, and subglacial discharge in shaping the melt rate distribution. We560

developed a two-dimensional plume model that provides valuable insight into the inter-561

action of ice base topography, ambient oceanic water, and freshwater subglacial discharge,562

where the turbulent mixing layer transmutes its sensible heat content into phase changes.563

The benefits of using this model are the computational efficiency and the possibility of564

using a high-resolution ice base topography, including sub-km-scale basal channels. Be-565

sides, the plume model approach to solving the ice-shelf ocean boundary layer provides566

detailed results that are challenging for typical ocean models to replicate.567

Depending on the applied ice base topography, the estimated mean melt rate ranges568

from 10 myr−1 to 60 myr−1. The broad range of mean melt rates emphasizes the fun-569

damental role of ice base topography in predicting plume water characteristics and, con-570

sequently, the estimation of basal melting. The experiment configured using smooth ice571

base topography without subglacial discharge suggests the minimum mean melt rate. This572

finding contradicts previous studies (Gladish et al., 2012; Millgate et al., 2013), which573

have suggested that numerical experiments of Petermann Glacier, including basal chan-574

nels, result in relatively lower melting. Our hypothesis for this discrepancy is that they575

have designed their experiments using km-scale channels, which are wider than the chan-576

nels reported by Stewart et al. (2004).577
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Our results show that the experiments including the basal channels in a transient578

system present the highest mean melt rate for all subglacial discharges. Besides, the mean579

melt rate and the height of channels in a steady-state system form a direct relationship.580

Note that the experiments without basal channels could generate a mean melt rate with581

the same magnitude of channelised experiments only if substantially increased subglacial582

discharge is prescribed. Surprisingly, the melt rates of channelized experiments are al-583

most invariant to low subglacial discharge. A possible explanation might be that sub-584

glacial discharge increases the mean melt rate when it brings modified discharge water585

in contact with a broader region, which is the case for experiments without channels.586

All experiments generate maximum melt rates at the grounding line in case of avail-587

ability of subglacial discharge. The similarity between the numerical and observational588

fields at the grounding line is highest when the ice base topography includes basal chan-589

nels or a rough ice base. However, our study reveals that for the 79NG ice shelf, there590

are also two high-melt bands along the lateral margins of the ice shelf. An explanation591

might be the convex shape of the ice shelf’s basal cross-section with two lateral slopes592

deviating warm plume water to the sides. Besides, the high-melt bands are outside the593

region where the observational method is entirely valid. Investigating the reason for the594

convex shape is beyond the aim of this study.595

As mentioned in the introduction, existing ocean modeling experiments could not596

reproduce the recently observed extreme melt rates at grounding lines. However, they597

reported a strong relationship between the extreme melt rates and subglacial discharge598

(e.g. Nakayama et al., 2021). Although our results confirm the same link, we could repli-599

cate the extreme melt rate in experiments configured without subglacial discharge but600

including sub-km-scale basal channels. This finding is noteworthy since it highlights the601

importance of small-scale features in deriving high melt rates at the grounding lines.602

Another important finding is that, in agreement with the observations, melt rates603

inside and outside the sub-km-scale channels decrease with distance from the ground-604

ing line. Our results suggest that melt rates outside the channels are higher than inside.605

Besides, subglacial discharge increases melt rate inside and outside the channels at ground-606

ing lines. One unanticipated finding, however, was estimating an extreme melt rate halfway607

of one small channel. This result is likely to be related to sudden, intense plume speed608

variation. Subsequently, subglacial discharge reduces the extreme melt rate since no sud-609

den high plume thickness variation exists. The detailed analyses indicate that the sub-610

glacial discharge can potentially decrease the melt rate in the short channels at the ground-611

ing line by reducing the salinity of the plume water. Consequently, the freezing point in-612

creases, and the plume water heat content decreases. However, for the channel geom-613

etry and the subglacial discharge we have studied, the role of plume speed in determin-614

ing the melt rate is more pronounced.615

7 Conclusions616

The sub-km-scale basal channels and the roughness of the ice-ocean interface are617

important drivers of basal melting, although the role of subglacial discharge in regulat-618

ing the melt rate enhancement is significant. Large scale studies excluding the rough-619

ness of ice surface and sub-km-scale channels underestimate the mean basal melt rate620

and cause a systematic error in predicting the spatial melt pattern, specifically at ground-621

ing lines and ice shelf margins.622
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The model data are available at http://doi.io-warnemuende.de/10.12754/data-2022627

-0007. The two-dimensional General Ice shelf water Plume Model (GIPM) (Mohammadi-628
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Sikirić, M. D., Janeković, I., & Kuzmić, M. (2009). A new approach to bathymetry848

smoothing in sigma-coordinate ocean models. Ocean Modelling , 29 (2), 128–849

136.850

Stewart, C., Rignot, E., Steffen, K., Cullen, N., & Ruff, R. (2004). Basal topography851

and thinning rates of Petermann Gletscher, northern Greenland, measured by852

ground-based phase-sensitive radar. Res., Bergen, Norway .853

Straneo, F., Curry, R. G., Sutherland, D. A., Hamilton, G. S., Cenedese, C., V̊age,854

K., & Stearns, L. A. (2011). Impact of fjord dynamics and glacial runoff on855

the circulation near Helheim Glacier. Nature Geoscience, 4 (5), 322–327.856

Straneo, F., Hamilton, G. S., Sutherland, D. A., Stearns, L. A., Davidson, F., Ham-857

mill, M. O., . . . Rosing-Asvid, A. (2010). Rapid circulation of warm subtropi-858

cal waters in a major glacial fjord in East Greenland. Nature Geoscience, 3 (3),859

182–186.860

Straneo, F., & Heimbach, P. (2013). North Atlantic warming and the retreat of861

Greenland’s outlet glaciers. Nature, 504 (7478), 36–43.862

Thomas, R. H. (1979). Ice shelves: a review. Journal of Glaciology , 24 (90), 273–863

286.864

Timmermann, R., Wang, Q., & Hellmer, H. (2012). Ice-shelf basal melting in a865

global finite-element sea-ice/ice-shelf/ocean model. Annals of Glaciology ,866

53 (60), 303–314.867

Walker, R., Dupont, T., Parizek, B., & Alley, R. (2008). Effects of basal-melting868

distribution on the retreat of ice-shelf grounding lines. Geophysical research let-869

ters, 35 (17).870

Wang, Z., Song, X., Zhang, B., Liu, T., & Geng, H. (2020). Basal Channel Extrac-871

tion and Variation Analysis of Nioghalvfjerdsfjorden Ice Shelf in Greenland.872

Remote Sensing , 12 (9), 1474.873

Washam, P., Nicholls, K. W., Münchow, A., & Padman, L. (2019). Summer surface874

melt thins petermann gletscher ice shelf by enhancing channelized basal melt.875

Journal of Glaciology , 65 (252), 662–674.876

Watkins, R. H., Bassis, J. N., & Thouless, M. (2021). Roughness of ice shelves877

is correlated with basal melt rates. Geophysical Research Letters, 48 (21),878

e2021GL094743.879

Wei, W., Blankenship, D. D., Greenbaum, J. S., Gourmelen, N., Dow, C. F., Richter,880

T. G., . . . others (2020). Getz ice shelf melt enhanced by freshwater dis-881

charge from beneath the west Antarctic Ice Sheet. The Cryosphere, 14 (4),882

1399–1408.883

Williams, G., Herraiz-Borreguero, L., Roquet, F., Tamura, T., Ohshima, K., Fuka-884

machi, Y., . . . others (2016). The suppression of Antarctic bottom water885

formation by melting ice shelves in Prydz Bay. Nature Communications, 7 (1),886

1–9.887

Wilson, N., & Straneo, F. (2015). Water exchange between the continental shelf and888

the cavity beneath Nioghalvfjerdsbræ (79 North Glacier). Geophysical Research889

Letters, 42 (18), 7648–7654.890

Wilson, N., Straneo, F., & Heimbach, P. (2017). Satellite-derived submarine melt891

rates and mass balance (2011-2015) for Greenland’s largest remaining ice892

tongues. Cryosphere, 11 (6).893

Yang, Q., Dixon, T. H., Myers, P. G., Bonin, J., Chambers, D., Van Den Broeke,894

M., . . . Mortensen, J. (2016). Recent increases in Arctic freshwater flux af-895

fects Labrador Sea convection and Atlantic overturning circulation. Nature896

communications, 7 (1), 1–8.897

–24–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Zeising, O. (2022). Glaciological observations using phase-sensitive radar. Doctoral898

dissertation, Universität Bremen.899

Zeising, O., Steinhage, D., Nicholls, K. W., Corr, H. F., Stewart, C. L., & Humbert,900

A. (2022). Basal melt of the southern Filchner Ice Shelf, Antarctica. The901

Cryosphere, 16 (4), 1469–1482.902

–25–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Figure 5. Temperature (red) and salinity (green) profiles as averages over three CTD casts

(Kanzow et al., 2017) taken in front of the main (eastern) calving front of the floating ice tongue

(see Fig. 1).
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Figure 6. Effect of constant drag coefficient (black), Kochergin entrainment parameter (red),

and smoothness of ice topography (green) on the estimated spatially averaged melt rate. Solid

lines represent simulations with ZREF ice base topography and a constant drag coefficient

(Cd=2.5× 10−3 for the simulations with a varying Kochergin parameter) and the dashed line

represent simulations with a variable drag coefficient according to (3). Circle marker points rep-

resent simulations with a constant Kochergin entrainment parameter (cl = 0.0275). The settings

marked by the large green circle markers with measured smoothness (LVT) of 5.3 × 10−3 and

12.2 × 10−3 indicate the Reference and Rough simulations used to study the impact of ice base

topographies.
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Figure 7. Results from the Reference experiment a) plume thickness, b) plume speed, and the

Rough experiment c) plume thickness, and d) plume speed.
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Figure 8. Entrainment rate in the a) Reference, and b) Rough experiments. Note the loga-

rithmic color scale.
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Figure 9. Basal melt rate in the a) Reference experiment using the smooth ice base topog-

raphy (ZREF), b) Rough experiment using the rough ice base topography (ZRO), c) ChannelsT

experiment using ZC200S synthetic ice base topography and d) observation (Wilson et al., 2017).

Note the logarithmic color scale. The black stars in panels a and b indicate four examples of

linear features observed in melt pattern.
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Figure 10. Area-averaged basal melt rate of the floating ice tongue for simulations with dif-

ferent ice base topographies and different subglacial discharges. The dashed black line indicates

the observational melt rate estimate by (Wilson et al., 2017) for unknown subglacial discharge.
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Figure 11. Maps of basal melt rates for the different experiments considering subglacial dis-

charge (28672m3 s−1 ): a) RefSubD, b) RoughSubD, c) ChannelsTSubD, and d) ChannelsSSubD.

Note the logarithmic color scale.
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Figure 12. The basal melt rate in the ChannelsT experiment (without subglacial discharge)

a) inside the large channels, c) inside the small channels, and e) between the channels. The basal

melt rate in the ChannelsTSubD experiment b) inside the large channels , d) inside the small

channels f) between the channels. The points represent the median melt rate in a range of 300 m.

Additionally, we presented the standard deviation and a fitted curve to the melt rate for one

channel and one region between the channels. See Tab. 3 for definition of experiments.
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Figure 13. The plume water characteristics inside the small basal channel number 4. The

black and dark blue stars (the top-most and bottom-most points) present the ice base topog-

raphy inside the channel and the deepest part of the channel’s walls, respectively. The colored

stars and dots show the interface of the plume and ambient water in low and high subglacial

discharge (28672m3 s−1) cases, respectively. The points represent the median melt rate in a range

of 300 m. Note that vertically averaged equations assume the plume water is vertically mixed.
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