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Abstract The floating ice tongue of the 79N Glacier in Northeast Greenland has been thinning over the past
two decades, with warning signs of a potential onset of disintegration. While previous studies primarily attribute
the thinning of the ice shelf to oceanic heat flux, limited attention has been given to the significant role of ice
shelf plume dynamics as a mechanism for distributing the heat beneath the ice shelf. Here, we develop a
horizontal two-dimensional plume model to assess the effects of key factors influencing plume dynamics and,
consequently, the estimation of a high-resolution basal melt rate. We examine the effect of ice basal topography
roughness and the presence of basal channels, that is extreme roughness of the base in the hinge zone, as well as
the impact and pathways of subglacial discharge on melt rates. Our model results show good agreement with
observation-based melt rate estimates and indicate that basal channels in the hinge zone are the dominant control
on the ice shelf's basal melt rates. In combination with subglacial discharge, the melt rate is increased to

150 m yr~! at the grounding line, intensifying the channelized melt rate pattern created by basal channels and
increasing spatial variability. Additionally, our results indicate that incorporating wet-dry algorithms and
calculating a variable drag coefficient are crucial for accurately estimating melt rates during low subglacial
discharge season, as well as for determining friction and turbulent exchange coefficients.

Plain Language Summary Ice shelves are floating extensions of polar ice sheets, and control how
fast glaciers flow into the ocean. Many of them are rapidly thinning, primarily due to basal melting, thereby

reducing their ability to slow down ice flow. Accurately estimating basal melt rates improves the reliability of
sea level predictions. However, existing modeling efforts have predominantly focused on large-scale processes.
This study employs a suite of simulations to investigate the role of narrow basal channels under the ice and the
effect of freshwater discharge where the ice starts to float. Our sensitivity analysis focuses on the floating ice
tongue of the 79N Glacier, in northeast Greenland, which has been experiencing thinning over the past few

decades. The results highlight that narrow basal channels significantly increase both the variability and spatial
mean melt rates where the ice starts to float, further amplified by subglacial discharge near the grounding line.

1. Introduction

Basal melting plays a key role in the interaction between ice sheets and oceanic processes by weakening ice
shelves. This influences the buttressing of continental ice flux (Lilien et al., 2019) and regulates the retreat of
outlet glaciers and large-scale ice streams (Walker et al., 2008), thereby controlling both ice mass balance and the
contribution of the ice sheets to sea level rise (Hoffman et al., 2019; Purich, 2022). Changes in basal melting
therefore poses significant risks to ice shelf integrity (K. E. Alley et al., 2019; Vaughan et al., 2012). Despite the
considerable need for an accurate estimation of basal melt rates beneath ice shelves, this remains challenging due
to the insufficient representation of physical processes in numerical models, significant uncertainties in ice
thickness data sets, and limited in situ observations at the ice-ocean interface.

Our study focuses on the floating ice tongue of the 79N Glacier (referred to hereafter as 79NG), which has
recently attracted significant attention across atmosphere-land and ice-ocean fields (Kanzow et al., 2025). Since
2001, 79NG has been out of equilibrium, undergoing substantial thinning (Mayer et al., 2018; Zeising
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et al., 2024), and showing concerning signs of major changes at its eastern calving front, indicating the potential
onset of disintegration (Humbert et al., 2023). Despite numerous studies attributing the observed thinning and
basal melting of 79NG to heat flux from ocean warming (Lindeman et al., 2020; Mayer et al., 2018; McPherson
et al., 2024; Schaffer et al., 2017, 2020; Wekerle et al., 2024; Wilson & Straneo, 2015; Wilson et al., 2017),
exploration of ice shelf plume dynamics, the buoyancy-driven transport and downstream modification of the
meltwater, and their role in basal melting remains limited.

This study aims to quantify the drivers of basal melt rate, namely (a) spatial variation of ice base topography, (b)
ice shelf basal channels, that is, extreme roughness of ice base topography, and (c) the intensity, temperature and
spatial distribution of subglacial discharge. To achieve our objectives, we conduct a series of numerical exper-
iments incorporating various subglacial discharge scenarios and ice base topographies with different levels of
smoothness. Additionally, we design an experiment using an ice base topography that includes basal channels in
the hinge zone. While our study examines the influence of basal channels and spatial variation of ice base
topography on basal melt rate, these two aspects are interconnected within the same spatial scale spectrum. The
distinction between them is important for clarity, but they are not entirely separate, as they represent different
scale classes of the same underlying surface. We also capture the influence of processes across these spatial
scales, as demonstrated by our presentation of the Local Variation of Topography (LVT).

In the context of this study, we employ a prognostic approach and develop a new two-dimensional horizontal
plume model called the General Ice Shelf Water Plume Model (GIPM; Mohammadi-Aragh & Burchard, 2024).
GIPM sets itself apart from previous two dimensional plume models in a number of ways. These include inte-
grating subglacial discharge as input boundary flux, introducing drying and flooding algorithms to tackle the issue
of plume water velocity divergence as explained in Section 2.5, and incorporating a variable drag coefficient and
variable heat and salt exchange velocities. The importance of tuning these variables was highlighted by Jenkins
etal. (2010), as it reduces uncertainties in estimating turbulent transfer across the oceanic boundary layer between
plume water and ice. Following the approach of Burchard et al. (2022), who applied a variable drag coefficient
based on the logarithmic law of the wall, we incorporate this method in our modeling.

This paper is divided into seven sections. The second section offers essential background on plume modeling,
basal melt rate approximation, and the associated challenges. It also explores the role of basal channels in melting
and discusses factors influencing melt rate such as subglacial discharge, specifically tailored for 79NG. The third
section explains the plume model (GIPM) and its characteristics. The fourth section covers the data and meth-
odology. The fifth section presents the research findings, focusing on three key topics of sensitivity analysis. The
following section discusses the results, offering new insights into the melt rate of 79NG. Finally, we summarize
the general conclusions derived from the study.

Throughout this paper, we classify local melt rates as follows: rates above 100 m yr~! are classified as extreme,
rates between 60 and 100 m yr~! are considered high, rates between 20 and 60 m yr~! are considered moderate,
and weaker rates are categorized as low. Note that these terms are used for clarity and specific to this particular ice
shelf.

2. Background
2.1. Ice Shelf Basal Channels

Many recent studies have explored melting in basal channels, and how it can lead to fractures in ice shelves (K. E.
Alley et al., 2016; Dow et al., 2018; Larter, 2022). These channels, whether ocean-sourced, subglacially-sourced,
or grounding line sourced (K. E. Alley et al., 2016) have been found to positively correlate with basal melt rates,
host ice-shelf meltwater (Chartrand et al., 2024; Rignot & Steffen, 2008) and lead to basal shelf erosion (Lar-
ter, 2022; Rignot & Steffen, 2008). Warm ocean water intrusion along these channels intensifies melt rates.
Eroding channels can reach considerable heights, thereby reducing hydrostatic support for overlying ice (Le
Brocq et al., 2013; Vaughan et al., 2012). The role of basal channel networks has already been observed and
highlighted for various ice shelves such as Totten Glacier Ice Shelf, Petermann Glacier, Pine Island Glacier,
Fimbulisen and Filchner Ice Shelf (Dow et al., 2018). The basal channels of 79NG have received less attention.
However, when approximating basal melt rates, Zeising et al. (2024) have reported the growth of deep subglacial
channels associated with significant surface lowering and a heterogeneous distribution of extreme melt rates in
“hinge zone” that is, the area near the grounding line in which the ice is bent by tides. Additionally, Narkevic
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et al. (2023) reported notable thinning of ice downstream of the 79NG grounding line in across ice flow oriented
channels.

2.2. Subglacial Discharge, Hydraulically Efficient, and Dispersed Systems

Recent studies suggest that subglacial discharge increases localized (Nakayama et al., 2021) or spatial mean melt
rate (Cai et al., 2017; Washam et al., 2019; Wekerle et al., 2024) by enhancing entrainment, that is, enhancing the
transfer of oceanic heat under ice shelves (Jenkins, 2011; Washam et al., 2019). Subglacial discharge forms from
meltwater at the ice-bed interface as a result of drained surface meltwater (supraglacial input) or from locally
generated basal meltwater (Nienow et al., 2017). Supraglacial meltwater, which is transported through the ice, is
seasonal and can be diagnosed by monitoring the ice speed in the hinge zone, as suggested by Sugiyama
et al. (2011) and Vijay et al. (2019). The seasonal evolution of the spatial structure of the subglacial drainage
system, as reviewed by Nienow et al. (2017), initially occurs through a dispersed system with limited hydraulic
efficiency early in the melt season. As ice surface melting intensifies, increased water inputs destabilize com-
ponents of this dispersed system, leading to channel formation, and form hydraulically efficient systems. These
channels evolve into a branching network that extends up-glacier as connections to the glacier bed are established.
While surface meltwater fluxes decrease toward the end of summer (Nienow et al., 2017), subglacial discharge
does not necessarily shut down since local meltwater, due to geothermal and frictional melting, has the potential to
contribute, although in a less dominant role. Neckel et al. (2020) revealed that 79NG shows a direct and strong
correspondence between ice velocity and meltwater availability, suggesting that the development of an efficient
basal drainage system is limited. Neckel et al. (2020) also showed that sudden supraglacial lake drainage of the
79NG was not routed through established channels but overwhelmed the subglacial hydraulic system.

2.3. Methodologies for Approximating Basal Melt Rates

A variety of methodologies have emerged to approximate the spatial distribution of basal melt rates of ice shelves,
broadly classified into two approaches: diagnostic methods and prognostic models.

Diagnostic methods as outlined by Seroussi et al. (2011) and Dutrieux et al. (2013) aim to estimate basal melt rates
using various observational data sets and numerical models. Satellite remote sensing imagery can resolve spatial
patterns of basal melt rates on kilometer scales. These methods are not able to resolve melt rates in deep, narrow
basal channels or the hinge zone, where the ice is not freely floating. The limitation arises from the reliance on the
hydrostatic equilibrium assumption sufficiently away from grounded ice, which is valid for ice shelves with very
high aspect ratios between horizontal length scale and ice thickness (Weertman, 1957). Ground-based radar
measurements can overcome these limitations, but they are spatially limited. While in situ measurements can help
refine estimates, their localized nature may not be suitable for comparisons on larger scales (Chartrand &
Howat, 2023).

Prognostic models face challenges in accurately approximating basal melt rates, necessitating the validation of
equations, careful selection of appropriate numerical methods, and incorporation of sparse spatiotemporal
measured data as boundary and initial conditions. While studies are advancing in the application of turbulence
models to estimate the basal melt rate for idealized studies (Anselin et al., 2024; Gayen et al., 2015; Zhao
et al., 2024), ongoing research aims to narrow the persisting gaps in realistic modeling (Asay-Davis et al., 2017,
Dinniman et al., 2016; Malyarenko et al., 2020) and constrain unknown parameters (Burchard et al., 2022;
Gwyther et al., 2015; Losch, 2008; Zalesny & Ivchenko, 2010), collectively enhancing trust in the model out-
comes. These gaps and associated possible remedy options have been discussed by R. B. Alley et al. (2015),
Scambos et al. (2017), and further reviewed by Asay-Davis et al. (2017).

2.4. Approximation of the Basal Melt Rate of 79NG

Previous studies have provided melt rate estimates for 79NG. Using remote-sensing between 2011 and 2015,
Wilson et al. (2017) inferred spatially heterogeneous basal melt rates with a mean of 8.2 m yr~' and a maximum
of 57 myr~!. G. Wang et al. (2024), also based on remote sensing data and a mass conservation approach,
estimated mean melt rates of 7.98 m yr~! for the time period 2013-2022. Millan et al. (2023) found a strong
change in basal melt rates close to the grounding line, increasing from 21.1 m yr~! in 20062011 t0 29.0 m yr~!
in 2020. Anhaus (2017) and Mayer et al. (2018) used a one-dimensional plume model (Jenkins, 1991) to estimate
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mean basal melting along several flowlines (transects). They concluded that the maximum magnitude of basal
melting is reached close to the grounding line and decays toward the calving front, while Anhaus (2017)
demonstrated a significantly higher melt rate along the flowline at the southern margin of the ice shelf compared
to the northern margin. Mayer et al. (2018) estimated the mean melt rate as 8.7 + 1.1 m yr~! for the year 1998
and 12.2 + 1.6 m yr~! for the year 2014. Reinert et al. (2023) used a 2D-vertical slice model deploying adaptive
vertical coordinates to compute the basal melt rate along a single transect in the center of the ice shelf, and found a
mean basal melt rate of 12.3 m yr~! and a maximum melt rate of 60 m yr~' about 2 km downstream of the
grounding line.

Using a high-resolution, three-dimensional ocean model with a minimum horizontal grid spacing of 700 m—
which is still coarse to resolve small-scale features of the ice base—Wekerle et al. (2024) investigated ocean
circulation beneath the ice shelf. They provided an estimate of 10.6 + 4.9 m yr~! for the year 2015. Their
conclusions, supported later by McPherson et al. (2024), further highlighted that warming of the oceanic inflow
has significantly contributed to basal melting over the past 50 years.

Recently, Zeising et al. (2024) conducted a study employing high-resolution ground-based and airborne radar
measurements alongside satellite remote-sensing observations. Their findings suggest that the hinge zone of
79NG has become channelized and significantly thinner over the last two decades, with the emergence of up to
500 m high subglacial channels since around 2010. The time series of the three Lagrangian in situ basal melt rate
profile lines in the vicinity of the grounding line and along the ice flow show rates exceeding 100 m yr~! before
2018. Additionally, they report observations of low melt rates and small ice draft gradients under thick ice,
demonstrating high spatial variability of melt rates in the hinge zone.

2.5. Plume Modeling and Its Challenges

Ice shelf water plume models aim to predict the dynamics and physical properties of meltwater beneath the ice
shelf, which are influenced by subglacial discharge and the turbulent entrainment of ambient seawater (Beckmann
etal., 2018; Begeman et al., 2022; Jenkins, 1991). The conceptual framework of a plume model involves dividing
the ice-ocean boundary layer into two dynamical regions (Jenkins et al., 2010): a laminar sublayer positioned
directly at the ice-ocean interface and a turbulent mixed layer affected by rotation and stratification (Burchard
et al., 2022; Holland & Feltham, 2006; Jungclaus & Backhaus, 1994). In contrast to three-dimensional modeling
(Losch, 2008), plume models are not explicitly simulating the ambient ocean. Nevertheless, the computational
efficiency of plume models enables finer grid spacing, thereby allowing for the resolution of smaller topographic
details, including narrow basal channels. Thus, plume models serve as efficient tools for conducting systematic
sensitivity analyses and enhancing our understanding of the role of the different physical processes affecting basal
melt.

Several studies have developed plume models and utilized them in a variety of idealized and semi-realistic ap-
plications in both Greenland (Gladish et al., 2012) and Antarctica (Holland & Feltham, 2006; P. R. Holland
et al., 2009; Lazeroms et al., 2018). However, a challenge in the plume modeling, as highlighted by Gladish
et al. (2012), arises when the plume velocity diverges, leading to a reduction in plume thickness and subsequent
numerical instability. To mitigate this issue, a minimum water thickness was enforced (Gladish et al., 2012) and
enhanced entrainment has been introduced in regions where plume thickness was thin, particularly in the hinge
zone (Lambert et al., 2023). However, the imposition of a minimum thickness, especially in the hinge zone, acts as
a constant head of water pressure for downstream currents, similar to introducing a continuous subglacial
discharge. Consequently, while addressing numerical instability issues, this technique leads to a substantial and
constant addition of freshwater to the model, effectively introducing conditions of an efficient drainage system
(Dow, 2022). This complicates the understanding of melt rate dynamics, particularly during the dry season
(steadier winter conditions with low subglacial discharge), when lower basal melt rates are expected.

3. The General Ice Shelf Water Plume Model (GIPM)

GIPM, the finite-volume, two-dimensional plume model used in this study (Mohammadi-Aragh & Burch-
ard, 2024), is based on time-dependent, vertically integrated prognostic equations. This system of equations
represents the buoyant turbulent gravity currents underneath large ice shelves, including basal melting at the ice-
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water interface and entrainment of warm, saline water at the bottom of the turbulent plume (Holland & Fel-
tham, 2006; Jenkins, 1991; Jungclaus & Backhaus, 1994).

The governing equations are discretized using a staggered Arakawa C-Grid. Advection is performed through
directional-splitting, providing various options for high-order Total Variation Diminishing limiters with mini-
mized numerical diffusion (Klingbeil et al., 2014; Mohammadi-Aragh et al., 2015). The model accommodates the
specification of inflow boundaries, outflow boundaries, and closed boundaries where free-slip conditions are
enforced. Both flux and water thickness boundaries are possible at inflow boundaries.

To address the general issue of plume water divergence, we implement a drying and flooding algorithm that
excludes the local control volume from plume dynamics where the plume thickness falls below a critical value
(Dpin = 0.15 m), while still accounting for its thermodynamic effects. When the plume thickness, influenced by
localized melt rate or entrainment, exceeds a critical thickness of D;, = 0.25 m, the computational cell is
reintroduced into the computational domain.

3.1. Plume Governing Equations

The time-dependent equation describing plume thickness, derived from the conservation of mass under the
Boussinesq approximation, is:

%+V-(uh)=we+rh (1)

here, h represents plume thickness, and u = (u,v) denotes the depth-averaged horizontal velocity vector. Pa-
rameters w, and 7 indicate the entrainment velocity and melt rate at the ice-water interface, respectively (see
below for parameterizations).

The momentum balance within the plume is described by

A(hu) gh? ap AZ—h)
V()= —>— " 4 glh
o TV ) == e T

a(hv) Az —h)
ot +eh

— Cylulu + hfv

5 2
gh” dp
2p, Oy

+V-(uw) = — Cylu|v — hfu

with the basal ice topography Z (representing the vertical position of the ice-ocean interface), the Coriolis
parameter f, the drag coefficient C,, and the buoyancy g’ = gAp/p,, where g denotes the gravitational accel-
eration, Ap = p, — prepresents the density contrast, p signifies plume density, p,, stands for ambient density and
po denotes the reference density. The ice-ocean interface depth is updated by considering the ice equivalent of the
melt rate. However, it should be noted that our plume model is not coupled with ice dynamics, which limits the
accuracy of our approximation of the updated basal ice topography compared to cases where these physical
processes are included. The terms on the right-hand side of Equation 2 represent baroclinic forcing (due to lateral
density gradients), buoyancy, drag at the ice-water interface, and rotation, respectively. The drag coefficient C, is
computed in accordance with the logarithmic law of the wall:

2
K
Cd = max[O.OOOS;[an_SE] ] (3)
20

here, zy = k,/30, where, , k, represent von Karman constant, the characteristic height of the roughness element.

In our experiments, the plume density is approximated by a linear equation of state:

p = poll+B(S—So) = B (6 — 60)] 4
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Table 1
Model Parameters
Symbol Value Name Equations
g 9.81 ms~2 Gravitational acceleration 2 and 12
K 04 Von Karman constant 3
So 34.5 (g/kg) Reference salinity 4
& —2.0°C Reference temperature 4
Py 7.86 x 1074 Haline contraction coefficient 4
Po 3.87 x 1075 K~! Thermal expansion coefficient 4
S; 0 (g/kg) Salinity of ice 5 and 8
c 2,009 J kg" K! Specific heat capacity for ice 7
Cy 3,974 ] kg—lK—l Specific heat capacity for seawater 7
L; 3.35 x 10° T kg! Latent heat of fusion for ice 7
0; —15.0°C Ice core temperature 7
A —5.73 x 1072°C (g /kg)’l Seawater freezing point slope 11
Ay 8.32 x 1072°C Seawater freezing point offset 11
A3 7.61 x 107*°C m™! Depth-dependence of freezing point 11
c 0.0055 Kochergin entrainment parameter 12
ks 0.001 m characteristic height of the roughness element 3
Note. The optimal Kochergin entrainment parameter ¢; was obtained by a sensitivity analysis (not shown here).
where absolute salinity S, potential temperature 6, haline contraction coefficient f3,, thermal expansion coefficient
Py, reference salinity Sy, and reference potential temperature 6, are utilized. The empirical parameters employed
in the present study are provided in Table 1.
The salinity and potential temperature of the plume are determined by vertically integrating the heat and salt
budgets:
a(hS .
% + V- (uhS) = w,S, + mS, —y5(S—Sp) )
da(ho .
% + V- (uhd) = w,0, + mb, —y" (0 —0,) (6)
where subscripts a denote properties of ambient water and subscripts i denote properties of the ice. 8, and S,
represent the temperature and salinity at the ice shelf—ocean interface. As defined by Equations 5 and 6, salinity
and temperature of the plume rely on lateral advection, entrainment of ambient water, and fluxes across the ice-
ocean interface. The terms on the left side represent the advection of salinity and temperature, while the terms on
the right side account for the contributions of entrainment, ice shelf melting, and turbulence.
To complete the set of Equations 1-6, parameterizations for the mass, momentum, salt, and heat fluxes through
the ice-ocean interface as well as through the bottom of the plume are required. At the ice-ocean interface Z, we
employ the 3-equation balance as the most common method to describe melt rate, utilizing the balance of heat and
salt flux (Hellmer & Olbers, 1989; D. M. Holland & Jenkins, 1999; Jenkins, 1991):
L + tc; (0, — 6,) = v" ¢, (6 — 6y) M
(S, —S) =7 (S =) (®)
T Uy
= ©
2.12In(CY°Re) + 12.5P, %3 — 8.68
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s Uy
= 10
! 2.12In(CY/*Re) + 12.55¢¥/3 — 8.68 10

with y as exchange velocity, and Re, u2 = C,|u)? representing Reynolds number, and interfacial friction ve-
locity. Additionally, L; represents the latent heat of fusion, ¢; stands for the specific heat capacity of ice, and c,,
denotes the specific heat capacity of seawater (values are provided in Table 1). Re = uh/y,, where
vy = 1.95 x 107°m?s~!, Pr = 13.8 represents the molecular Prandtl number, and Sc = 2432 indicates the
molecular Schmidt number of seawater.

The temperature at the ice—ocean interface of the plume water, 6,, is calculated by means of
6b=/11Sb +12 +}L3Z (11)

with the empirical parameters 4, 4, and 45 and a linearization of the liquids relationship, see Table 1. The salinity
at the ice shelf-ocean interface, S, is estimated using the three equations that describe the balance of heat
(Equation 7) and salt (Equation 5) at the ice—ocean interface, along with the liquid condition that must be satisfied
there (Equation 11). The thermal driving, 6-6,, and the salinity gradient, S-S, represent the melt potential of the
plume.

To estimate the entrainment velocity, we employ the parameterization proposed by Kochergin (1987), as done in
previous studies (Jungclaus & Backhaus, 1994; Payne et al., 2007):

lu]® + %= (12)

where ¢, represents the Kochergin entrainment parameter, S, denotes the turbulent Schmidt number (Mellor &
Durbin, 1975), and

R;
0.725(Ri +0.186 — VR, — 0.316R, + 0.0346)

Si (13)

with R; = g’h/|u|? being the gradient Richardson number.

4. Data and Method
4.1. Site Description and Computational Domain

The 79NG has a floating ice tongue measuring approximately 69 km in length and 24 km in width, expanding to
around 30 km from its midpoint (Hill et al., 2017, see Figure 1a). It features two calving fronts: one located to the
north toward Djimphna Sound, and another to the east distinguished by several ice rises acting as pinning points
(Humbert et al., 2023). The floating ice tongue is attached to the fjord's edges and thins from approximately 500 m
at the grounding line to 100 m at these anchoring points. Below the floating tongue lies a deep cavity (maximum
900 m), with its deepest section positioned toward the center (Mayer et al., 2000). A bottom-intensified flow
transports warm, saline water into the cavity over an underwater sill near the calving front (Schaffer et al., 2020).
Notably, no warm inflow along Djimphna Sound toward the northeastern calving front of the ice tongue has been
observed (Lindeman et al., 2020; Schaffer et al., 2020), presumably due to a sill at the fjord mouth inhibiting such
movement (Wilson & Straneo, 2015).

The domain of interest, highlighted in cyan in Figures 1a and 2a, is discretized using a structured, equidistant grid
with a spacing of 150 m. We extend the computational domain beyond both termini of the ice tongue. Further
downstream of the eastern calving front, an outflow boundary condition with zero gradients (zero scalar flux) is
applied at a distance equal to half the length of the ice shelf.
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Figure 1. (a) Overview map of the 79NG ice shelf, with ice shelves depicted in cyan. The red triangle marks the locations of
the three CTD profiles collected in front of the main calving front. This map was generated using BedMachine Greenland
version 5 data set (Morlighem et al., 2017a). Comparison of ice base topographies used in the simulations: (b) Zgg¢, (¢) Zgy,
and (d) Zcy,-

4.2. Ice Thickness Data Set, Filtered, and Channelized Ice Base Topographies

Ice thickness data set: We use BedMachine Greenland version 5 (Morlighem et al., 2017a). The ice base
topography is obtained by determining the difference between the ice surface elevation and ice thickness. This
data set is produced using data collected from 1993 to 2016, with a nominal reference date of 2007. It provides
gridded ice surface elevation and ice thickness, with a horizontal grid spacing of 150 m. Table 2 summarizes the
labels and characteristics of the ice base topographies mentioned in our sensitivity analyses.

Filtered ice base topographies: To generate ice-base topographies with varying degrees of smoothness, we
applied spatial averaging filters with widths that were successively increased by 0.6 km, starting at 0.75 km
(reference ice base topography, Zg; (Figure 1b)) and ending at 3.75 km (smooth topography, Zs,, (Figure 1c)).

Channelized ice base topography: The ice base topography Zc;, containing channels (Figure 1d) is configured by
carving a network of large and small basal channels, that is extreme roughness of the base, into the hinge zone of
Zg¢. The length, width, orientation and arrangement of these channels (Figure 2a) are inspired by a realistic ice
thickness data set that covers only the hinge zone of 79NG, representing the year 2021 (Zeising et al., 2024). The
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Figure 2. Oceanographic setting and geometrical characteristics of basal channels: (a) Arrangement of basal channels which are added to Zg;. The numbers indicate the
naming pattern of the channels from the northern side to the southern side of the ice shelf. The yellow lines crossing the ice shelves are cross sections shown in panels
(c) and (d). The location of channelized discharge in front of the three large basal channels is indicated by cells in red and red arrows. The channelized discharge is
located in these three locations based on the work of Narkevic et al. (2023) and Z. Wang et al. (2020). The magenta color at the calving front indicates the areas where
plume water exits the ice shelf cavity and enters the ocean. The ice shelf is divided into three regions for a comparison of the spatial mean melt rate. (b) The along
channels sections of Z¢;, and Zg,,, along the large channel, number 3 in panel (a). (c) The Cross-Section of ice base topographies along I-I* as shown in panel (a). (d) The
Cross-Section of ice base topographies along II-IT* as shown in panel (a). (¢) Temperature (red) and salinity (black) profiles, averaged over three CTD casts (Kanzow
et al., 2017) taken in front of the main (eastern) calving front of the floating ice tongue (see Figure 1).
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Table 2 channels are positioned in the hinge zone, aligned with the preexisting
Spatial Filters, Ice Base Topographies and Experiments channels in the ice thickness data set downstream of the hinge zone crossing

he grounding line, since th hannels exist in the hinge zone in reali
Spatial filters the grounding line, since these channels exist in the ge zone eality

(Zeising et al., 2024) but are not represented in the data set (see Figure 1b).

Name of Filter  f; N/A N/A N/A N/A f We classify the channels as large if they are wide and long, and as small if
Size (km) 0.75 1.35 1.95 2.55 3.15 875 they are narrow and short. The width of all large channels increases from
LVT 0.0073  0.0073 0.0041 0.0037 0.00353 0.0033 several hundred meters to 1 km along the direction of ice flow, while the

avg

) width of the small channels remains nearly constant at less than 1 km.
Ice base topographies

Label Zas Zsm Ze To configure the large channels, we describe their height as an exponential
Filter 1 @ 1 function, H(x), decreasing with distance from the grounding line, x,
Channels N/A N/A Yes H() = Hy exp(b-x) + C, (14)
Experiments

Label EZgs EZs, EZc, with Hy, = 200 m, and with b = 0.14 x 107> to b = 0.66 x 107>m~!,
Ice Base Topographies Zas T e representing an e-folding length of maximum 7.14 km. The small channels

are given by Equation 14 with H, = 100 mand» = 0.36 x 107> m~!. The

Note. LVT,,, is the spatial mean of the Local Variation of Topograph .
o e P PORTapnY parameters b and C for both large and small channels are adjusted to ensure a

(LVT) defined in Section 4.5. Subglacial discharge presence/absence is - ] o o - R ) )
addressed through impact studies (Section 5.2.3), eliminating the need for smooth transition at their termini, avoiding any discontinuities with the ice

additional experiment labels. The experiment with reference topography, Zg;,  shelf.

and without subglacial discharge is referred to as the Reference experiment.

Simulations with warm discharge at 1.5°C and sensitivity to cold discharge The section of large channel number 3 of Zcy, is shown in Figure 2b.
(0°C) are also discussed in Section 5.2.3. Figures 2c and 2d show the cross-sections of all ice shelves used in this study

(see Table 2). Both compare the cross-sections from the hinge zone of Zqy,
and the ice base topography produced by Zeising et al. (2024). Despite the large ice thinning suggested by Zeising
etal. (2024)'s data set at the hinge zone, the shape and arrangement of the channels, as well as the rate of reduction
in their height between the two cross-sections, are similar, demonstrating the success of channels in capturing the
realistic geometry of channelized ice shelves.

4.3. Forcing

Oceanic forcing: We use Conductivity-Temperature-Depth (CTD) profiles taken from R/V Polarstern cruise
PS100 in summer 2016 (Kanzow et al., 2017) right in the pathway where warm Atlantic Intermediate Water flows
toward the subglacial cavity (Schaffer et al., 2020). To enforce temperature and salinity of the ambient water at the
lower boundary of the plume water, we use the average of three CTD profiles taken in front of the main calving
front (see Figures 1a and 2e). The model is standalone, with ocean forcing calculated based on the assumption of
stagnant ambient water masses. The ambient water conditions (S, and T,) are taken from the CTD profile at the
depth of the ocean-plume interface.

Subglacial discharge: We conducted simulations for two cases: one where the subglacial discharge with potential
temperature of 1.5°C is distributed uniformly along the grounding line, referred to as grounding line discharge,
and another where it is introduced through three wide channels located in front of the three large basal channels,
indicated by red cells and shown by red arrows in Figure 2a. We performed a series of experiments testing the
sensitivity of the basal melt rates to the subglacial discharge, ranging from no discharge (dry season) to a
maximum of 242.19 km? yr~! during a 3-month melting season. The actual temperature of the subglacial
discharge is unknown, but it can increase with the travel distance of water beneath the glacier due to dissipation
and turbulent motion (Beyer et al., 2018). The 79NG acquires water from far upstream along the Northeast
Greenland Ice Stream. Zeising et al. (2024) analyzed the skin temperature, which was partially around 1.35°C,
supporting our assumption of a potential temperature maximum of 1.5°C of subglacial discharge. In a series of
simulations, we also repeated the grounding line subglacial discharge distribution experiments assuming a
temperature of 0°C.

4.4. Modeling Strategy

The experiments start with an initial condition of stagnant plume water and a uniform initial plume thickness of
5 m. This modeling approach accounts for the ocean's effect while ignoring the effects of ocean circulation. The
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Kochergin number, serving as a direct control for the heat influx to the plume water, is set so that the spatial mean
melt rate matches the order of the diagnosed spatial mean melt rate by Wilson et al. (2017). The simulations run
until a quasi-steady state in the spatially mean melt rate is reached, that is, when the value becomes nearly
constant, as confirmed by visual inspection, for all experiments. Experiments were categorized based on the ice
base topography used. Table 2 presents the degree of smoothness using LVT, the spatial filter size, and whether
channels are introduced to the hinge zone. Note that we resolve roughness features larger than the model's grid
spacing, while the effects of roughness smaller than the grid spacing are introduced into the model through the
melt rate parameterization and the diagnosed drag coefficient. The presence or absence of subglacial discharge
was examined through sensitivity analyses (Section 5.2.3), eliminating the need for additional experiment labels.
Simulations were performed with warm subglacial discharge at 1.5°C, and the sensitivity to cold subglacial
discharge (0°C) is discussed in Section 5.2.3. We note that not all possible combinations of these parameters were
simulated in this analysis but values were chosen that best reflects differing conditions.

4.5. Analyses and Metrics
4.5.1. Local Variation of Topography

We measure the roughness of ice base topographies, defined as the Local Variation of Topography (LVT)
L1230 = 23 + nyi+ m)

ZGD)+Z(+ni+m)| (15)

1
LVT;; = NL >

sl n=—1 m=—1

where N;;, j,i are the number of pairs of adjacent computational cells with the central grid point, and indices of
cells in both directions of the computational coordinate, respectively. N;; is maximum 8. LVT can be interpreted
as the slope factor (Sikiri€ et al., 2009) in a one-dimensional domain. For all topographies, the average LVT

values are given in Table 2.

4.5.2. Passive Tracer Investigation

In order to track the pathways of warm ambient water that is entrained into the plume as it flows along the ice shelf
toward the calving front, we analyzed the distribution of a passive tracer. The passive tracer experiments are
conducted with grounding line discharge rate of 4.8 mSv. The source of the passive tracer is defined as the region
where the ambient water temperature exceeds 0.9°C, a threshold arbitrarily chosen to differentiate between warm
and cold water, with the specified warm water being entrained up to approximately 10 km from the grounding
line, below the ice tongue.

Passive tracer enters the computational domain via entrainment where the ambient water exceeds the temperature
of 0.9°C. Naturally the tracer flux varies with entrainment volume which depends on the ice base topography.

4.5.3. Annual Melt Rate

To calculate the annual melt rate, we performed two separate simulations based on a simplifying assumption: one
for the dry season with no subglacial discharge, and another for the melting season with a constant, grounding line
discharge. The melting season was defined as a 3-month period with a constant discharge rate, while the dry
season was assumed to last 9 months without any subglacial discharge. The annual melt rate was then calculated
by averaging the melt rates from these two simulations over 1 year. It is important to note that each season was
simulated independently, assuming constant subglacial discharge. We thus assumed that ice conditions remained
consistent throughout each period and that any melting ice was replenished by the ice stream.

5. Results
5.1. Basal Melt Rate of the Reference Experiment

The melt rate distribution of our experiment with reference topography, EZg;, without subglacial discharge
(Figure 3a) shows low to moderate melt rates with a spatial mean of 6.65 m yr~!. The melt rate distribution in the
hinge zone is characterized by low melt rates, which transition to moderate melt rates in the form of linear
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Figure 3. Comparison of snapshots of the basal melt rate for three scenarios: without discharge (first column), channelized discharge (second column), and grounding
line discharge (third column). The experiments were conducted using Zg; (first row), Zg,, (second row), Z¢y, (third row). Note that the melt rate maps in this figure do not
represent the annual melt rate. Additionally, the discharge rate used is 4.8 mSv.

channels a few kilometers from the grounding line. As the distance to the hinge zone increases, melt rate intensity
gradually diminishes, and the occurrence of scattered features increases over linear features.

The ratio of the annual spatial mean melt rate in the hinge zone (Part 1, Figure 2a) to that at the calving front (Part
3) ranges from 4 to 5, indicating a significant decrease in melt rate from the grounding line toward the calving
front (shown in Section 5.2.3).

5.2. Sensitivity Studies
5.2.1. Impact of Basal Roughness

The investigation of the impact of basal roughness on the melt rate is based on configurations without subglacial
discharge, meaning the melt rates we compare are not annual averages (averaged over dry season). The
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Figure 4. Analysis of basal melt rates under various subglacial discharge conditions and ice base roughness: (a) Impact of ice
base roughness on the spatially averaged melt rate, without considering subglacial discharge. The area-averaged basal melt

rate of the floating ice tongue is shown for simulations with different ice base topographies and varying subglacial

discharges, for: (b) the entire ice shelf, (c) the hinge zone, and (d) the calving zone. These partitions are illustrated in

Figure 2a.

comparison of the two experiments with the reference (Zy;) and the smooth (Zg,,) topographies exhibit the
greatest difference in basal melt rates. The mean spatial melt rate of EZg,,, (Figure 3d) is reduced by 3.44 m yr~
(or 52%) compared to EZg; with a rough ice base. In EZy, moderate melt rates are more scattered across the
domain, whereas EZg,,, shows moderate melt rates only at the margins of the ice shelf. Near the grounding line, the

1

basal melt rate in both experiments does not exhibit high or extreme values. Another analysis of basal roughness,

showing the sensitivity of the spatial mean melt rate to domain-average roughness, is presented in Figure 4a. It
reveals that increasing the domain-average roughness of ice base topographies monotonically increases the spatial

mean melt rate.
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5.2.2. Impact of Basal Channels in the Hinge Zone

Similar to the previous analysis, we investigate the impact of basal channels in the hinge zone on the melt rate
without subglacial discharge. We compare the basal melt rates from EZg; and EZ,, as shown in Figures 3a and
3g. EZg, is characterized by rough ice base topography, whereas EZ;, in addition incorporates basal channels.
EZ(, exhibit generally moderate melt rates across the entire domain. However, in a region several kilometers
from the grounding line, EZg; shows low to moderate melt rates, while EZ, displays moderate to high melt rates,
underscoring the significance of channels in the hinge zone. The mean spatial melt rate of EZy, is 1.28 m yr~! (or
19%) higher than EZg¢, illustrating the localized effect of basal channels in the absence of subglacial discharge. It
should be emphasized that the plume model we are applying here is hydrostatic. This entails that the stress at the
ice-ocean interface and therefore the melt rate becomes inaccurate if the slope 0(Z — h)/dx or d(Z — h)/dy in
Equation 2 is too steep. Note that for a vertical interface as in tidewater glaciers the slope would become un-
bounded. However, since the steepest slope angle in our study is only about 17° and affects only a very small
portion of the ice shelf, our approximation of melt rates remains valid, with minimal uncertainty in the estimates.

5.2.3. Impact of Subglacial Discharge

We investigate the influence of subglacial discharge distribution—either through the grounding line or chan-
nelized discharge—on the basal melt rate pattern, as well as the impact of discharge intensity on the annual spatial
mean melt rate. The comparison of basal melt rate patterns is based on experiments with subglacial discharge
of 4.8 mSv.

Experiment EZy; (Figure 3a) exhibits low to moderate melt rates at the grounding line in the absence of subglacial
discharge. However, when either channelized (Figure 3b) or grounding line (Figure 3c) discharge is introduced, a
localized high to extreme melt rate is generated in the hinge zone. The mean melt rate is 3.60 m yr~! (or 54%)
higher in the experiment with channelized discharge than without subglacial discharge. In the experiment with an
input flux through the grounding line, the melt rate is more evenly distributed and increased by only 1.69 m yr~!
(or 25%) compared to the experiment without subglacial discharge.

Experiment EZg,,, (Figure 3d) exhibits low melt rate at the grounding line in the absence of subglacial discharge.
However, when either channelized (Figure 3e) or grounding line (Figure 3f) discharge is introduced, a localized
high to extreme melt rate is simulated in the hinge zone. Similar to EZg;, the melt rate intensity is higher in the
experiment with channelized discharge (4.39 m yr~! or 137%) but is more evenly distributed when the input flux
occurs through the grounding line (2.71 m yr~—! or 84%). Different from EZg;, for both types of discharge, the
melt rate intensifies in three broad bands: two along the northern and southern margin zones, and one along the
central band of the ice shelf.

Experiment EZ;,, without subglacial discharge, shows a high melt rate with linear features near the grounding
line (see Figure 3g) and low to moderate melt rate in the rest of the domain. Introducing subglacial discharge
results in extreme melt rates within the channels in the hinge zone (Figures 3h, 3i, 6¢, and 6d). This is also evident
in Figures 6¢ and 6d. However, in the experiment with channelized subglacial discharge, the melt rate inside the
channels remains elevated further downstream along the ice shelf compared to the grounding line discharge
experiment (Figures 3h and 3i). With a grounding line discharge, the melt rate is more evenly spread near the
grounding line. The mean spatial melt rate of EZ¢, with a channelized discharge is 4.99 m yr~! (or 62%) higher
than the experiment without subglacial discharge and the grounding line discharge is 1.78 m yr~' (or 22%) higher.

The second objective of this sensitivity study is to examine how the annual spatial mean melt rate varies with
increased subglacial discharge. Our results, shown in Figure 4b, indicate that a gradual increase in subglacial
discharge only slightly enhances the annual mean melt rate across all experiments, with an increase of approx-
imately 1 m yr~! across annual flux range from 0.3 to 9.6 mSv. A closer inspection reveals however that the
annual spatial mean melt rate near the grounding line, averaged over Part 1 in Figure 2a, is about twice as high as
the annual mean spatial melt rate for the entire ice shelf. The greatest variation in annual mean melt rate due to
increase of discharge is noted in the hinge zone (Part 1), where it reaches 4 m yr~! (Figure 4c), while the melt rate
in the calving zone (Part 3) remains almost invariant (Figure 4d). However, the series of simulations with cold
discharge shows no sensitivity of the spatial mean melt rate to discharge, neither in the regions near the grounding
line and the calving front nor over the domain as a whole.
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b)EZcn-Smooth
filter: 1050 m

Mean: 8.78 m yr—t

Cc)EZch-Smooth
filter: 1050 m

Discharge
Temperature: 0°C

Mean: 8.17 m yr~1

Mean: 8.27 m yr~1

Figure 5. Comparison of the annual basal melt rates for the experiments using (a) EZc,, (b) estimated melt rate EZ,,
smoothed over a spatial scale of 1,050 m, (c) estimated melt rate EZ¢;, performed with cold discharge, smoothed over a
spatial scale of 1,050 m, and (d) the results from Wilson et al. (2017). Note that the melt rate map represents the annual mean
melt rate, accounting for a 3-month melting season and 9 months with grounding line discharge of 4.8 mSv.

6. Discussion
6.1. Comparison With Observation-Based Estimates

We refined the plume model regarding annual spatial mean melt rate by adjusting the Kochergin entrainment
parameter c;. This parameter tunes the heat transfer from ambient water to plume water through the entrainment
process Equation 12. We set ¢; to 0.055, resulting in an annual spatial mean melt rate for EZq;, without subglacial
discharge that matches the spatial mean melt rate estimated by Wilson et al. (2017).

A spatial comparison of two basal melt rate patterns is meaningful only when performed at the effective resolution
(Ebert, 2009), rather than at their nominal grid resolutions (see Mohammadi-Aragh et al., 2020). This is due to
numerical diffusion, subgrid parameterizations, and filtering inherent in the models used for both prognostic and
diagnostic methods. The effective resolution is defined as the smallest spatial scale at which a high-resolution
target product can capture the spatial scale from a coarser and smoother reference product.

The annual melt rate of EZ;, (Figure 5a) exhibits sharper spatial features than the estimated basal melt rate from
Wilson et al. (2017), shown in Figure 5d. The greater sharpness provides a higher level of useful information. It
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Figure 6. Comparison of melt rates in glacial channels and paths between channels for different scenarios. The first column
shows the melt rate within large subglacial channels under three conditions: without subglacial discharge (upper), with
grounding line discharge (middle), and with the grounding line cold discharge (lower). The second column presents the melt
rates for paths between the channels under the same conditions as the first column.

arises from resolving small-scale features in rough ice base topographies in our study, which significantly impacts
the spatial mean melt rate. To align all melt rates to a common spatial scale, we applied a moving average filter
with a 7-cell window that reduced the resolution discrepancies and allowed us to focus on broad patterns. This
process ensures a meaningful visual comparison by maintaining consistency in spatial scale. The results of EZ,
for the cases with grounding line discharges of 1.5°C (Figure 5b) and 0°C (Figure 5c), respectively, both
smoothed with a spatial filter of 1,050 m, exhibit a good agreement with the basal melt rate map of Wilson
et al. (2017). The basal melt rates estimated by G. Wang et al. (2024) and Millan et al. (2023) are provided on a
higher resolution grid of 150 m (Figure A1) and show finer structures that compare well with our annual melt rate
of experiment EZ,, particularly the melt rate map by G. Wang et al. (2024).

Our results demonstrate that melt rates in the hinge zone along the large basal channels generally decrease rapidly
from the grounding line toward the calving front, independent on the subglacial discharge (Figures 6a, 6¢, and 6e).
This is in agreement with the findings of Zeising et al. (2024). The high melt rate at the grounding line reaches a
maximum of 100 m yr~! in the absence of subglacial discharge or with a cold discharge. It also increases further
to an extreme rate of approximately 150 m yr~! when warm subglacial discharge with a potential temperature of
1.5°C is present. This matches the observations of Zeising et al. (2024) who found melt rates of up to 150 m yr~!
in summer near the grounding line. In the paths between the channels, when subglacial discharge is present, melt

rates consistently decrease with distance from the grounding line (Figure 6d).

6.2. Plume Water Dynamics

In this section, we compare and discuss the key characteristics of plume water dynamics across the three ex-
periments. These characteristics are essential for understanding the behavior of the plume as it flows beneath the
ice shelf. Plume speed determines its motion, while plume thickness and distribution explain both its vertical and
horizontal extent. Entrainment describes the mixing of the plume with ambient waters. The entrainment flux is a
function of velocity and plume thickness, and a function of the parametrized ambient water properties S, and 7,.
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Additionally, we explore the drag coefficient to quantify the resistance experienced by the plume as it interacts
with the rough under-ice surface. The drag coefficient plays an important role in determining how frictional forces
slow down the plume, impacting its flow velocity. While the thermal exchange coefficient theoretically has the
potential to cause spatial variability in melt rates, our analysis (not shown) suggests that it is of secondary
importance compared to thermal driving and requires further exploration in a dedicated boundary layer study.
Although the melt rate is sensitive to basal channel height and slope—since they influence plume speed through
buoyancy changes, which in turn affect entrainment, plume thickness, and the diagnosed drag coefficient—our
results (not shown here) emphasize the greater importance of thermal driving from plume water drainage into
the basal channels.

In plume models, the heat for melting at a specific location comes from two primary sources: direct transfer from
the ambient water through localized entrainment, and the advection of warm plume water. In addition, the 79NG
is located in eastern Greenland (Malyarenko et al., 2020), where melting ablation dominates over dissolving
ablation. A visual comparison of our results (not shown) reveals greater spatial variability in the thermal driving
field than in the salinity gradient field, highlighting its dominant role in driving the spatial heterogeneity of melt
rates. This suggest that a layer of meltwater forms next to the interface, with the phase change driven by heat
transfer. This shows how thermal driving, defined as § — 6,, propagates throughout the domain, providing heat
for melting across the ice shelf. Thermal driving is not a conservative quantity as it captures the temperature
gradient driving heat transfer at the ice-ocean interface. As such, it remains a useful indicator for comparing
regions of higher or lower melt intensity in our study. The tracer flows through ice shelf thickness, such as
margins and basal channels, as shown by the ice drafts in Figure 1. The area of the tracer source, the region
between the red line and the grounding line in Figures 7a—7c, is nearly the same across all experiments. However,
the coverage area of tracers beneath the ice shelf is largest in the channelized experiment (EZc,) , approximately
1.75 times greater compared to EZg,, and 1.26 times greater compared to EZy;. In comparing the tracer spatial
distribution with the basal melt rate pattern, presented in the last column of Figure 3, we found similar ratios of
spatial mean melt rate in EZ¢, to EZg,, and EZg;, which are 1.64 and 1.16, respectively. Visual inspection
comparing the tracer coverage area with the melt rate also reveals a strong correlation.

The tracer studies show the drainage of plume water into shallower regions and basal channels (Figures 7a—7¢)
where the plume becomes thicker (Figures 7d—7f). In the channels, the plume thickness ranges from about 5 to
10 m, while in the ice shelf margins it can reach several tens of meters. In contrast, the plume thickness for all
experiments in other parts of the domain is <1 m. The channelized and reference ice base topographies facilitate
the distribution of plume water across the domain, guiding it through the channels and shallower regions. This
results in a wide distribution of thermal forcing across the domain through the channels, and an increase in the
potential for melting, as shown in Figures 7g—7i.

The melting power of the plume decreases with the travel distance from the grounding line. This is due to the
increasing distance from the source of warm entrained water and the depletion of its thermal energy. Additionally,
the plume thickness of 5 ~ 10 m in our simulations is insufficient to fill the channels. Consequently, there is no
possibility for the plume water to exit the channels midway; rather, it drains along the entire length of the
channels. The width of the larger channels increases along their length, reaching a maximum of 1.5 km at their
termini. This width is smaller than the Rossby radius of deformation R;, which is estimated to be 2.16 km:

(g

Rd — >
71

(16)

as the length scale at which Earth's rotation becomes significant. Here, g = g ﬁ—g’ and h, represent the reduced

gravity and the plume thickness inside the channels, respectively. Assuming typical values of p, = 1025 kg m~3,
Ap =2kgm™, h, = 5.0 m, and a Coriolis parameter of 1.4301 x 10™* s~!. This suggests that the plume flow
does not circulate within the channels to laterally mix thermal energy along their length. It is important to note that
the width of the channels we studied here is more similar to the dimensions described by K. E. Alley et al. (2022),
which indicate that basal channels across Antarctica and Greenland typically range from 1 to 3 km in width. This
contrasts with the idealized basal channels studied by Gladish et al. (2012) and Millgate et al. (2013) which have
widths ranging from 2.5 to 20 km, with a single larger channel having the potential to span the entire width of the
79NG ice shelf.
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Figure 7. Comparison of different plume characteristics and passive tracer concentration. The first row depicts the trajectories of a passive tracer (a—c), the second row
displays plume thickness (d—f), and the third row shows thermal driving for three experiments with a grounding line discharge of 4.8 mSv (g—i). Each experiment
utilizes different ice base topographies: Zg; (first column), Zg;, (second column), and Z¢, (third column). The area between the red line and the grounding line in panels
(a—c) is the source area of the tracer release.

The drag coefficient in our simulations depends on the plume thickness (see Equation 3), with thicker plumes
having a smaller drag coefficient. Comparing Figures 8a—8c, we see that for all three experiments, the drag
coefficient is lower inside the channels and shallower regions at the margins of the ice shelf, providing less
potential for resistance against plume movement compared to other regions. Consistent with the lower drag
coefficients, plume speeds inside the channels and at the ice shelf margins are up to 5 times higher than in other
regions (Figures 8d-8f). The final comparison in the last row of Figure 8 shows that entrainment is more widely
distributed across the domain in the EZ;, and EZg; scenarios compared to EZg,,, indicating greater mixing with
ambient water. The shallower regions and channels exhibit higher rates. Therefore, the basal channels within the
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Figure 8. Comparison of different plume characteristics. The first row shows the computed drag coefficient (a—c), the second row displays plume speed (d—f), and the
third row shows entrainment for three experiments with a grounding line discharge of 4.8 mSv (g—i). Each experiment utilizes a different ice base topography: Zg; (first
column), Zg,,, (second column), and Z¢, (third column).

hinge zone and shallower regions with access to warm ambient water near the grounding line cause higher
entrainment compared to smooth ice base topographies.

The drainage of warm plume water into the channels results in a wider spread of plume water with high speed and
thermal driving toward the middle of the domain. This in turn provides higher entrainment and more localized
basal melting, and is not captured with smooth ice base topographies. Additionally, the Reference experiment
failed to fully replicate the role of the channelized experiment in the hinge zone.
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7. Summary and Conclusions

This study aimed to develop a numerical framework to investigate the plume water dynamics of 79NG and to
assess the effects of key factors influencing the estimation of high-resolution basal melt rate, using a grid spacing
of 150 m. Particular emphasis was placed on examining the effect of ice base topography roughness and
incorporating the ice shelf's narrow basal channels in the hinge zone—features absent from standard ice thickness
data sets. Experiments including basal channels closely replicate the observation-based spatial pattern of melt
rates estimated by Wilson et al. (2017) and G. Wang et al. (2024). We also investigated the impact of subglacial
discharge applying two different methods of forcing: discharge through channelized pathways and discharge
evenly distributed along the grounding line. In addition, our study assessed the sensitivity of melt rates to
discharge temperature.

In our experiments with glacial channels, we obtain simulated basal melt rates up to 150 m yr~!, which compares
well to the high melt rates observed near the grounding line by Zeising et al. (2024). The observation-based results
and our simulations also both show that melt rates decreased with distance from the grounding line. Additionally,
the application of the wet and dry algorithm, combined with the use of a variable drag coefficient—applied here
for the first time in ice shelf plume models—is particularly valuable in the hinge zone. This is where previous
plume modeling efforts have encountered numerical instability issues and where ice basal roughness is signifi-
cantly higher than in other regions. These methods are crucial for accurately modeling low subglacial discharge
seasons and for determining friction and turbulent exchange coefficients.

We found that using smooth ice base topographies to estimate basal melt rates not only significantly under-
estimated the spatial mean melt rate but also misrepresented the melt rate pattern. The discrepancies in the melt
rate pattern are primarily attributed to plume water dynamics, influenced by ice base roughness. In the hinge zone
of 79NG, introducing basal channels enhances the melt rate downstream of the hinge zone which improves
agreement with observation-based estimates (Millan et al., 2023; G. Wang et al., 2024; Wilson et al., 2017). The
plume water drains into the channels and flows downstream of the hinge zone, delivering more heat for melting in
those regions. The resulting thicker plume within the channels reduces friction between the ice and water,
allowing for higher plume speeds. This combination of increased heat supply and high flow speed leads to
elevated melt rates near the grounding line and significantly greater lateral variability compared to experiments
without channels. So far, these basal channels as observed by Zeising et al. (2024) are not incorporated in the
standard ice thickness data sets such as Bedmachine (Morlighem et al., 2017b). We recommend adding these
channels as it would improve models that need the ice shelf topography as an input.

Furthermore, our results show that subglacial discharge with temperature of 1.5°C increases melt rates and can
further lead to melt rates larger than 100 m yr~!. In cases of channelized discharge, large melt rates are localized
but extend along the basal channels toward the middle of the ice shelf, whereas grounding line discharge results in
a more uniform distribution of large melt rates. In all experiments, subglacial discharge increases the annual
spatial mean melt rate near the grounding line to approximately three times the rate of increase numerically
estimated for the entire ice shelf. The spatial mean melt rate in the calving zone remains largely unaffected by the
discharge since the heat supplied by warm subglacial discharge dissipates. However, in the case of cold grounding
line discharge, the spatial mean melt rate remains constant with increasing discharge across all the mentioned
regions and the entire ice shelf. This occurs because cold subglacial discharge supplies less heat than warm
subglacial discharge.

To conclude, this research demonstrates that resolving channelized systems in the hinge zone and small-scale
features throughout the domain is crucial for ice shelves influenced by warm water. However, further investi-
gation into utilizing an efficient plume model to develop and evaluate sub-grid scale topographic roughness
parameterizations for coarse three-dimensional models would be valuable in mitigating the inability to capture
small-scale features. Additionally, improving ice thickness data sets in the hinge zone is necessary. A realistic
representation of subglacial discharge hydrology, along with consideration of time series for oceanic forcing, is
highly recommended. Building on the success of approximating melt rates within our modeling framework, future
work could also explore its application in coupled ocean-biogeochemical models to further advance studies of
glacier-ocean interactions. Moreover, the developed plume model can easily be applied to other Greenland and
Antarctic ice shelves.
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Appendix A: Observed Basal Melt Rates

Figure A1 compares the observation-based estimates discussed in Section 6.1.

Wilson et al. 2017

m/yr70 Millan et al. 2023 m/yr70
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Figure Al. Averaged basal melt rates by Wilson et al. (2017), G. Wang et al. (2024), and Millan et al. (2023).
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