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Abstract

Basal melting is a major component of Antarctic ice mass loss. It is mainly driven by the circulation
of water in ice shelf cavities. One approximation of this circulation is by models of buoyant plumes
rising along the ice shelf base. For large-scale ice sheet models, a local melt parameterization of
plume models that can be applied at an ice shelf-wide scale is desirable, and such a parameter-
ization has recently been proposed and shown to perform well compared to a spatially resolved
plume model when the ice shelf profile is fixed. In this study, we test the local parameterization
for a dynamically evolving ice shelf, which allows for feedbacks between basal slope and melt rate.
We find that these feedbacks enhance melt for steep basal slopes and reduce melt for small slopes.
This decreases the parameterization performance, and under certain conditions the parameteriza-
tion introduces an unphysical melt discontinuity. This can lead to large differences in the predicted
melt rate and ice shelf length compared to the nonlocal plume model. More generally, our findings
suggest that i) local parameterizations should be applied with caution in coupled ice—ocean frame-
works, and ii) melt parameterizations should be evaluated in coupled settings to avoid unwanted
behavior.

1. Introduction

Basal melt accounts for approximately 50% of mass loss from Antarctic ice shelves (Rignot and
others, 2013; Greene and others, 2022). It is expected to intensify due to the intrusion of warm
water into sub-ice shelf cavities as a consequence of continued global warming (Jordan and oth-
ers, 2023). Thus, an accurate representation of sub-shelf melt in models is essential to estimate
ice shelf mass balance and the evolution of the Antarctic Ice Sheet (De Rydt and Naughten, 2024;
Coulon and others, 2024b; Burgard and others, 2025).

Intricate ocean—ice geometries, complex physical processes and high computational costs
make it challenging to resolve ocean conditions and dynamics in ice shelf cavities (Goldberg
and others, 2019). This has hindered direct coupling efforts between climate and ice sheet
models (Felikson and others, 2025). Parameterizing the basal melt rate as a function of
ocean and ice shelf properties may provide a practical alternative for the next generation of
modeling efforts. Short of dynamic coupling (be it direct or parameterized), melt parameteri-
zations can be implemented in stand-alone ice sheet models, using oceanic conditions derived
from climate model outputs as forcings (e.g., Favier and others, 2014; DeConto and Pollard,
2016; Lazeroms and others, 2018; 2019; Reese and others, 2018). However, no standardized
and broadly accepted parameterization for ice shelf basal melt exists to date (Burgard and
others, 2022).

The buoyancy-driven circulation of freshwater plumes rising along the ceiling of the cavity
is understood to be responsible for a large part of basal melt (MacAyeal, 1985; Joughin and
others, 2012; Straneo and Heimbach, 2013; Hewitt, 2020). Jenkins (2011) showed that a one-
dimensional system, represented by four differential equations based on the physics of turbulent
gravity currents, can effectively describe this circulation.

Despite its relative simplicity compared to a full cavity simulation, this parameterization
remains impractical for large-scale ice sheet models and global climate models. A significant
challenge lies in extending the one-dimensional plume model of Jenkins (2011) to two dimen-
sions (e.g., Holland and others, 2007; Payne and others, 2007). Difficulties include incorporating
the Coriolis term within the plume dynamics and addressing the substantial scale disparity
between the plume width and the model resolution (e.g., Hewitt, 2020; Lambert and others,
2023). As an alternative, Lazeroms and others (2018) proposed a local simplification of the
plume system using an 11-term polynomial fit. While performing well, this parameterization is
cumbersome to use and prevents physical insight. Building on this earlier work, Lazeroms and
others (2019) proposed a further local simplification derived in the limit of small basal slopes
and small freshwater flux at the grounding line. The authors tested this parameterization for a
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Figure 1. Diagram of an ice shelf cavity with plume. Panel a illustrates the feedbacks that result from the direct coupling between the ice shelf geometry and plume-induced
melting. Here, h(x) and L; are the ice shelf thickness and length. Panel b is a zoom-in on the plume region and shows the plume thickness D(X), velocity U(X), temperature
T(X) and salinity S(X). Note the difference between the horizontal coordinate x and the curvilinear coordinate X (yellow), which follows the ice-ocean interface and evolves
with time. The directions of ice and plume flow, and melt rate /1 (X) are illustrated with arrows. Also indicated are the ice shelf temperature T; and salinity S;, as well as the

ambient ocean temperature T, and salinity S,.

range of fixed ice shelf profiles. In this framework, the param-
eterization yields a close agreement with the 4-equation plume
model of Jenkins (2011), with small tendencies to overestimate
the melt near the grounding line and underestimate it further
away.

Here, we compare the performance of the local parameteri-
zation of Lazeroms and others (2019) with the plume model of
Jenkins (2011) in a framework where the plumes are coupled to
a dynamically evolving ice shelf, i.e., under conditions where the
ice geometry is no longer assumed fixed but flows and responds
to the intensity of the local melt rate. Since the ice shelf geome-
try evolves as a function of the melt rate, the changing shape of
the ice shelf, in turn, modifies the melt rate itself. Specifically, the
plume-induced melt rate is sensitive to the basal slope and the ice
shelf draft, which leads to a positive feedback between basal melt
and ice shelf geometry, as illustrated in Fig. 1a: large melting steep-
ens the basal slope, which further enhances melting. Conversely,
a lower melt rate results in a shallower slope, reducing the over-
all melt intensity. Our findings demonstrate that these feedbacks
exacerbate the error between the local parameterization and the
full plume system. Moreover, the use of the local parameterization
leads to unrealistic discontinuities in the melt rate for a range of
conditions.

The details of the model implementation are provided
in Section 2, while readers primarily interested in the results may
proceed directly to Section 3. Finally, in Section 4, we discuss
the potential implications of our findings, as well as the broader
applicability and limitations of the coupled model introduced
here.

2. Model setup
2.1. Ice flow and geometry

We consider a confined ice shelf flowing in the positive x—direc-
tion from the grounding line at x = 0 to the terminus at x,.
The ice flow is modeled using the Shallow Shelf Approximation
(SSA), which is widely employed to simulate ice shelf dynamics
(e.g., MacAyeal, 1989; Dupont and Alley, 2005; Nick and others,
2009; Hindmarsh, 2012; Pegler, 2016; Haseloff and Sergienko, 2018;
2022):

o ( h |oupiou) CywAr o, 1,
o \ A ax] o) Tl
W (1)

= —pol1—-E)pZZ
278 ( P/ Ox’
with h the ice thickness, u the ice speed, A the ice viscosity rate
factor, n the flow law exponent, p; the ice density, p,, the sea-
water density, g the acceleration due to gravity, W the ice shelf
width and Cy a lateral shear stress parameter. Parameter values

are given in Table A1 (Appendix A). The ice thickness evolution is
determined from mass conservation:

oh 0 .
It + I (uh) = —m, (2)
with 1 the melt rate (positive for melting; negative for freeze-on).

At the grounding line, ice flux and ice thickness are prescribed:

uh = qgl and h=he atx =0, (3)

where the superscript ‘gl signifies ‘grounding line’
Stress balance is prescribed at the terminus, assuming a floating
vertical ice front:

1o

A?/” % % = %pig (1—5—;) W atx =x,. (4)

The position of the terminus, x;, is determined by the melt rate:
for low to moderate melt rates, it is fixed at x, = L, but for suf-
ficiently strong melt, the ice thickness can go to zero at x; < L.
The terminus position is indirectly determined as the first location
where h = 0:

ifh >0Vx,

x = Ly
©)
h(x,) =0 otherwise.

2.2. Buoyant meltwater plume model

We assume that a buoyant meltwater plume drives circulation in
the ice shelf cavity (illustrated in Fig. 1b), which sets the sub-shelf
melt rate (Jenkins, 1991; 2011; Hewitt, 2020). In this case, the basal
melt rate is determined by the thermohaline difference between
freshwater released from subglacial discharge and melted ice on
the one hand and saline ocean water underneath the ice shelf on
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the other hand (Jenkins, 2011). Generally, this leads to high melt
rates close to the grounding line and possible refreezing further
away. As discussed above, we compare two specific representations
of this general plume model (Jenkins, 2011; Lazeroms and others,
2019):

2.2.1. Full plume model

We refer to the one-dimensional buoyancy-driven plume model
from Jenkins (2011) as the ‘full plume model. The model is
described by conservation of mass (6a), momentum (6b), buoy-
ancy (6¢) and sensible heat (6d) within the plume:

0

% (DU) = sina EyU + i1, (6a)
0 5 . 2
X (DU?) = sinagDAp — C,U?, (6b)
0 . dApu . ef
% (DUAp) = sina 72 DU + mAp; (6¢)
0 .

X (DUAT) =sina (T, — Ty ) E;U (6d)

+ (Tff — Tif>  — sina A\;DU.

Here,
X 2
X:/ 1+(ﬁ@>dx 7)
b Py Ox

is the curvilinear coordinate along the shelf base, D the plume
thickness, U the plume velocity, S the plume salinity and T the
plume temperature. The density difference between plume and
ambient ocean is given by Ap = S (S, —S) — B (T, — T), with
S, and T, the ambient ocean salinity and temperature, and s
and fy the haline contraction and thermal expansion coefficients.
AT = T — Ty is the temperature of the plume relative to its freez-
ing temperature Ty. The ice shelf is in isostatic equilibrium, with
the draft z,(x) = —h(x)p;/p,,- The local basal slope is

Oh/ox
N

Furthermore, in Equation (6d), E, is the plume entrainment
coefficient, C,; the drag coefficient, dAp,/dz, the slope of the

ambient density contrast, Apff is the effective meltwater density
contrast, T, is the ambient water freezing temperature, Ty is the

(8)

sina = —

meltwater freezing temperature and Tff is the effective meltwa-
ter temperature (see Table A2 in Appendix A for expressions and
parameter values).

The melt rate induced by the plume on the ice shelf 71 is assumed
to be directly proportional to the thermal forcing AT and the
plume velocity U, such that

i = MyUAT, )
where M, is the melt rate factor (in °C~!, see Table A2 in
Appendix A).

At the grounding line, the plume is initiated by subglacial dis-

charge. This discharge is assumed to be freshwater at freezing
temperature, such that the initial conditions for the plume water

are $¢ = 0 psuand T¢ = Tfl. From this we determine Ap¢ =
BsSa — Br (Ta — Tfl) and AT = T¢ — Tj}gl = 0. The local

plume representation defined below assumes no freshwater flux at
the grounding line. For numerical stability, we introduce a small
initial freshwater flux DUE = 10~° m?s~! for full plume simula-
tions. The plume thickness at the grounding line is arbitrarily set
to D& = 1 m. Varying D¢ over three orders of magnitude indicates
negligible impacts on the results (see Fig. B2 in Appendix B).

2.2.2. Local plume model

Lazeroms and others (2019) present a local approximation of
plume-induced melting for constant and small basal slopes, based
on asymptotic expansion and order of magnitude comparison. We
will refer to this parameterization as the local plume model’ In this
model, the melt rate is determined from

Bssagc3

L[ 1al ( T'E, sin o )3/2
Cy;+ Eysina \I'+ ¢, + Eysina ’

where M(() is a non-dimensional melt function that varies with
distance from the grounding line:

i = (T, — T;?Z)ZM(;?)

(10a)

-0,

In Equation (10a), x is the non-dimensional vertical distance from
the grounding line depth with a slope-dependent correction fac-
tor:

M(Q=222[1-0"—1]y/1-(1 (10b)

Z Eysi i
x = )\3zb—bl 1+C. (&) * (10¢)
Ta—Tf I'+ ¢, +Eysina

Other constants are defined in Tables Al and A2 in Appendix A.

Formally, the derivation of the local plume model assumes
small, uniform basal slopes and uniform ocean conditions.
However, it was found to compare well to the full plume model even
when allowing for non-uniform basal slope and ocean conditions
(Lazeroms and others, 2019).

The steady-state ice shelf model (1)-(2) coupled either to the
full plume (6a)-(9) or the local plume (10a)-(10c) can be reformu-
lated as systems of first-order ordinary differential equations and
are solved using the Python package SciPy’s integrate.solve_ivp
(Virtanen and others, 2020). The time-dependent system is solved
with a finite-difference discretization using PETSc (Balay and oth-
ers, 2026). The steady-state solutions are compared to converged
solutions of the PETSc integration in Fig. B1 for verification of the
numerical methods (Appendix B).

3. Results
3.1. Plume model evaluation

Our results indicate that for a range of conditions, the local plume
modelleads to unphysical behavior once it is coupled to an evolving
ice shelf. Fig. 2a shows a representative solution for a steady-state
ice shelf with Thwaites Ice Shelf-like conditions: the grounding line
thickness is #¢ = 800 m, the initial ice velocity is u¢' = 2000 ma~",
the width of the shelfis W = 80 km and the ambient ocean temper-
ature T, depends on the depth and is extracted from Burgard and
others (2022) (see Appendix C for details). In this scenario, the melt
rate shows a discontinuity (or jump) to w1 = 0 at x; = 10.5 km.
This leads to a uniform ice thickness & (x > x,;) and beyond that
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Figure 2. Ice profiles (blue) and melt rates (olive) for the steady-state solution of the
coupled ice shelf-melt model with buttressing, for the local plume model in panel a
and the full plume model in panel b. Here, ocean temperature is depth-varying (data
from Burgard and others (2022); shown in inset ¢, which has the same vertical axis as
the main panel). See text for other simulation parameters and Appendix C for details
on the temperature profile.

point the melt is zero or small (but always positive). Conversely, the
full plume (6a)-(9) leads to ice shelf melting and thinning until it
reaches zero thickness at x, = 7.8 km (Fig. 2b).

Figure 2 illustrates the discontinuity in a simulation that
includes buttressing effects, in addition to the variable ocean tem-
perature profile. As we discuss below in Section 4, buttressing
and ocean temperature variations do not cause the melt discon-
tinuity. We therefore neglect buttressing (by formally assuming
W — oo inEq. (1)) and assume a uniform ocean temperature from
here on.

To confirm that the results shown in Fig. 2 are not due to a
numerical instability or the assumption of steady-state, we con-
sider the time-dependent system (solved using PETSc). The initial
state is obtained from a prior simulation of the coupled full plume
model run to steady-state at an ocean temperature of T, = —1.9°C.
Both the full plume PETSc simulation and the local plume PETSc
simulation are initialized with this ice shelf (Fig. 3a and b, respec-
tively). The ocean temperature is increased to T, = —1.6°C and
the model is integrated to a new steady state for both the full
plume (left column of Fig. 3) and the local plume (right column).
For the local plume model, a small perturbation in the otherwise
smooth melt emerges at the grounding line and propagates down-
shelf shortly after initialization (see x = 4 km in Fig. 3d). The
perturbation continues to propagate and grow, and a discontinu-
ity appears at x = 6 km as shown in Fig. 3f. The discontinuity
then sharpens and propagates until it becomes stationary at x =
8 km (Fig. 3h). This unphysical behavior is known as a shock
(e.g., Fowler, 1997). Conversely, in the full plume model, melt is
continuous along the full extent of the ice shelf and the ice shelf
front melts completely by the end of the simulation, with the front
retreating to x, = 19 km (Fig. 3g).

3.2. Origin of the melt discontinuity

The highly nonlinear dependence of the melt rate on ice shelf
slope sin « and thickness h prevents a closed-form analytical solu-
tion, but we can qualitatively understand the problematic behavior.
Momentarily neglecting the slope-dependent correction factor in

Sartore et al.

Equation (10c¢), the local plume melt rate depends on basal slope

as:
P 1— Cpl.r ( T'E, Sina. )3/2. ()
C;+ Eysina \I' + ¢, + Eysina

The qualitative behavior is shown in Fig. 4a (olive line).

Importantly, i1 — 0 forsina o< Oh/0x — 0. To see why this is
problematic, we can integrate the momentum balance Equation (1)
with W — oo by use of the boundary condition at the calving front
(4) to obtain (e.g., Schoof, 2007)

h |0u 2! ou Pi\ 12
Introducing the flux g = uh and rearranging gives
109 qoh 2i \1" 1
v Al (- 2) s
dq .

with the last equation the steady-state version of (2). The discon-
tinuity occurs mid-shelf at finite ice thicknesses, that is b > 0.
Assuming this is the case, we can see that in the limit of Oh/0x = 0,
the first Equation (13a) requires h = 0 for Oh/0x = 9q/0x = 0
when m(0h/0x = 0) = 0. Since h > 0 and h = 0 cannot be sat-
isfied simultaneously, unphysical behavior ensues. Physically, this
means that when the ice thickness and flux simultaneously become
constant, mass balance requires the velocity to be constant too
(as g = uh). However, the momentum balance requires the velocity
to linearly increase for constant, non-zero ice thicknesses in order
to satisfy the force balance at the calving front. This latter behav-
ior can be seen in the velocity solutions past the discontinuity (not
shown).

The earlier 11-term plume parameterization by Lazeroms and
others (2018) prescribes the same dependence on ice shelf slope
and consequently shows the same discontinuity (see Fig. B3 in
Appendix B and Discussion). Conversely, in the full plume model a
zero slope does not automatically require 77 — 0, and the problem
does not arise.

3.3. Regularization of the melt discontinuity

We can further show that the problematic behavior is linked to the
limiting behavior of ri1(0h/0x — 0) by regularizing the melt rate so
that #(0h/0x — 0) # 0. The simplest such regularization replaces
the slope used in the melt equation so that it does not fall below a
prescribed threshold:

sina’ = max (sin v, sinay). (14)

Here, we choose the threshold sina, that maximizes the melt
rate ri for small slopes. This can be determined analytically from
Equation (10a) when the slope-dependent correction factor is

neglected:
T C
sina, = ;CT <1+ 1+3F+dc)'
0 T

This simple regularization effectively prevents the discontinu-
ity described above (Fig. 4b) without significantly affecting
other parameter ranges (not shown). By limiting the slope
within the melt function, the late-stage behavior of the plume

(15)
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Figure 3. Snapshots of the time-dependent solution of the coupled ice shelf-melt model. The ice shelf profiles (blue) and melt rates (olive) are shown for both the full plume
model (left column) and the local plume model (right column). Solutions are shown at t = 0, 8, 30 and 120 years. The grounding line thickness is 18 = 1000 m, the initial
ice velocity is u8’ = 250 ma~' and the ambient ocean temperature is T, = —1.6°C. The initial state in panels a and b is given by the steady-state solution of the coupled full

plume model with an ocean temperature T, = —1.9°C.

(melt/refreezing) is preserved in most cases, while the sudden melt
discontinuity is avoided (Fig. 4a).

3.4. Plume parameterization impact on melting

To identify the range of solutions that feature the unphysical behav-
ior described above, we compare steady-state solutions of the full
plume model to those of the local plume model over a wide range
of parameters. We focus on varying the grounding line thick-
ness (h¢) and the uniform ambient ocean temperature (T,). Here,

we consider the dependence of two ice shelf properties on these
parameters: ice shelf length L, (top row in Fig. 5) and mean melt
rate (bottom row in Fig. 5)—which can be estimated from the ice

flux difference as: ~ j;xr mdx = [¢¢ — q (x,)] /x,.

The hatched regrions in Fig. 5b and e delineate areas where dis-
continuities in the melt rate occur. These discontinuities appear
in two distinct branches, corresponding to the two melt-slope
feedback mechanisms illustrated in Fig. la. The melt-slope feed-
backs are a physical feature of the system and act in both the full
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slope (sin ) at the location of the discontinuity (dotted red line in panel b), while
panel b shows the ice thickness profile with the full plume solution in dotted blue.

and local plume models. However, the feedbacks only manifest as
discontinuities in the local plume model.

The roughly vertical branch, occurring at temperatures between
—1.6°Cand —1.1°C, corresponds to the instability discussed above
due to a feedback of shallower slopes leading to less melt and less
viscous thinning. In this regime, the discrepancies between the
local and full plume models are substantial: the ice-shelf length is
overestimated by up to approximately 9 km (90 % relative error),
and the mean melt rate is underestimated by up to 20 ma=—! (50 %
relative error).

The horizontal branch, characterized by initial ice thicknesses
ranging from 80 to 150 m and exhibiting little sensitivity to ocean
temperature, originates from this feedback operating in reverse
with steeper slopes leading to more melt. In this parameter regime,
the feedback induces rapid thinning at the ice front (not shown).
This positive feedback was previously identified in a coupled mod-
eling framework by Haseloff and Sergienko (2022), using a simpli-
fied plume parameterization. Our results suggest that this behavior
is not an artifact of their simplified framework but rather a physical
process and an intrinsic feature of plume-based parameterizations

Sartore et al.

in the limit of steep slopes, which can emerge under realistic ice-
shelf conditions. For the full plume model, the steep-slope feedback
also results in an abruptly terminating ice shelf, but without intro-
ducing a discontinuity in the melt rate. Relative to the full plume
model, the length differs by 42 km (up to 30 % relative error) and
the mean melt rate is up to 6 ma~! less (30 % relative error).

For the remainder of this study, we focus on the shallow-slope
feedback regime, since despite inducing some discrepancies in
the predicted melt rates and ice-shelf length, the overall physi-
cal behavior remains consistent between the local and full plume
models in the steep-slope regime.

Outside of the discontinuity regimes, we find that in the cou-
pled system, the local plume introduces errors of up to + 2 km
(30 % relative error) in the predicted shelf length (Fig. 5¢). The
average melt rates differ by up to &+ 20 ma~! depending on the
conditions, which corresponds to a relative error of 20 to 30 %. For
cold ocean temperatures (< —1.8°C), the relative error between
the full and local plume formulations can reach 80%. The error
in melt is partially obscured when considering average melt rates,
as the mean smooths out discrepancies between the two models.
Specifically, the local plume tends to overestimate melt near the
grounding line and underestimate it farther downstream, resulting
in partial compensation of local melt-rate errors.

4. Discussion

The unphysical behavior of local plume parameterizations in
a coupled setting has—to our knowledge—not been previously
reported, even though the coupled setting has been used in sev-
eral previous studies (Favier and others, 2019; Berends and others,
2023; Coulon and others, 2024a). We hypothesize that this omis-
sion is due to the subtle nature of the instability, which makes it
hard to detect in models with complex ice shelf geometries and
coarser resolution. Moreover, a continuously evolving grounding
line, ice influx or oceanic conditions may mute its effects or prevent
its emergence altogether.

The unphysical behavior of the local plume melt observed above
arises from its coupling with ice dynamics. Near the grounding
line, both the melt rate and the basal slope are large, and the local
plume model performs relatively well compared to the full plume
model. Further away from the grounding line, the ice shelf flat-
tens because of viscous thinning, leading to a reduction in melt.
Under cold ambient ocean temperatures (~ —1.9°C) and small
basal slopes, the melt rate varies smoothly, resulting in a gradual
transition to flatter ice shelves. However, the melt rate sensitivity
to changes in basal slope—and hence the feedback between ice
geometry and melt—increases with ambient ocean temperature.
This leads to the abrupt decrease in slope and melt at relatively
warmer temperatures (~ —1.5°C) in the local plume model. For a
range of temperatures and grounding line thicknesses, this transi-
tion becomes so sharp that it manifests as a sudden discontinuity in
both melt rate and slope. The finding that the polynomial parame-
terization from Lazeroms and others (2018), exhibits the same type
of instability (cf. Fig. B3 in Appendix B) supports our conclusion
that the instability results from the locality of the parameterization.

The nonlinear dependence of the melt rate on ice shelf slope
sin « and thickness / prevents a closed-form analytical solution of
the model. However, we can qualitatively understand its emergence
by considering the limit of 9h/9x — 0, as discussed in Section 3.2.
In the local melt rate parameterizations, there is no melt at vanish-
ing ice shelf slopes, requiring a constant ice shelf flux, and hence ice
velocity in steady state. For non-zero ice thicknesses, this violates
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Figure 5. Sensitivity of the coupled model to changes in ambient ocean temperature T, and initial ice thickness 4&. Each simulation is performed for both the full plume
model (left column) and the local plume model (middle column), with the difference shown in the right column. The first row shows contours of ice shelf length, and the
second row shows contours of average melt rates. The hatched areas in panels b and e show regions of discontinuity in the melt rate. The two boxes in panel e broadly
indicate the relevant parameter space for ice shelves around Antarctica: blue with dashed outline for cold cavities, and red with solid outline for warm cavities (Appendix C
provides details on the calculation and data used for the box extents). The orange star in panel b marks the examples shown in Figure 3.

the momentum balance equation, which requires an increasing ice
velocity in the downstream direction for constant ice thicknesses.
Notably, the condition of vanishing melt at vanishing basal slope
is present in both local formulations (Lazeroms and others, 2018;
2019), which explains why both parameterizations exhibit the same
discontinuity behavior.

4.1. Relevance for realistic ice shelf studies

To assess the relevance of the instability for real ice shelves, we con-
sider representative values for k& and T, for both cold and warm ice
shelves, which are indicated in Fig. 5e by the blue and red bounding
boxes, respectively. To determine these ranges, we used the annual
mean ocean temperature between 200 m below sea level and the
sea bed in front of 18 Antarctic ice shelves from the World Ocean
Atlas 2023 (Reagan and others, 2024). The grounding line thickness
was estimated by averaging the ice thickness over a 4 km wide strip
centered around the grounding line. We used the BedMap3 dataset
for both ice thickness and grounding line position (Pritchard and
others, 2025). The two temperature regimes were then identified
based on the clustering of ocean temperature. The ‘cold’ regime
comprises the Ross, Mertz, Totten, Shackleton, Amery, Filchner,
Ronne, Larsen and Dotson ice shelves (blue box, T, € [—1.9,
—0.9]°C), whereas the ‘warm’ regime includes the Rennick, Cook,
Baudouin, Stancomb-Brunt, Wilkins, Abbot, Getz, Pine Island and
Fimbul ice shelves (red box, T, € [—1.1,0.5]°C). Further details
regarding the classification method and the data used are provided
in Appendix C. The ‘cold’ box largely contains the region of instabil-
ity (hatched area), indicating that this issue is applicable to relevant
ice shelf environments. Aside from the instability, the parameteri-

zation induces a relative melt rate error of -80% to 25% for cold ice
shelves, depending on the initial condition. In contrast, the ‘warm’
box barely overlaps with the hatched area, but some of the warm
shelves also encounter substantial melt bias (underestimations of
10%-30%), in particular since the boxes represent standard devia-
tions around mean values, not the minimum/maximum values of
he and T,.

4.2. Study limitations

The results presented above are derived from a highly idealized
framework. This allows us to understand and evaluate the per-
formance of different melt rate parameterizations, but we omit
several processes that may limit the extension of our results to
more complex conditions. The most substantial limitation of our
study may be the use of a 1D-flowline model. Realistic ice shelf
geometries are complex and deviate significantly from the channel
flow assumed here. When considering two horizontal dimensions,
the local plume parameterization would still require a vanish-
ing steady-state flux divergence for flat ice shelves. However, it is
not immediately obvious what the dynamic consequences of this
requirement are. Our results in Fig. 2 illustrate that buttressing by
itself is not sufficient to mitigate the melt discontinuity, and future
work should investigate the consequences of the local parameter-
ization to verify that it does not lead to unintended melt artifacts
which might be obscured by the complexity of the problem.

The one-dimensional nature of the model also assumes align-
ment of plume and ice flow. In reality, this assumption is unlikely
to hold: the plume trajectory is influenced by variations in basal
topography, the Coriolis force deflects plumes over long distances,
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and external forcings such as sub-shelf circulation and tides can
significantly modify the plume path. Nevertheless, we consider
our findings to remain relevant for two main reasons: i) The one-
dimensional limitation is not unique to the local parameterization
but is inherent to the original full plume model. Thus, the frame-
work adopted here is consistent with the assumptions under which
the local parameterization was originally derived, and a proper
two-dimensional extension remains an important but separate
future effort. ii) The local parameterization has been proposed
(Lazeroms and others, 2019) as a two-dimensional melt parame-
terization applicable across ice-shelf cavities without explicit rep-
resentation of the plume along flow paths. It is reasonable to expect
that limitations identified in the one-dimensional setting provide
a useful indicator of the potential issues in a two-dimensional
context.

For the majority of this study, we neglected ocean temperature
stratification. While important for a more realistic depiction of ice
shelf dynamics, our results in Fig. 2 indicate that this simplification
does not prevent the occurrence of the identified discontinuity.

We also assume that the ice is at a constant temperature of
T = 0°C. In reality, ice shelves exhibit a temperature gradient, with
a colder surface and a relatively warmer base, resulting in variations
in ice stiffness. This influences both the melt rate and the plume’s
development through two primary mechanisms: (i) the impact on
ice dynamics and (ii) the sensible heat required to warm the ice
near the interface and bring it to the melting point. The latter has
a minimal effect on melting and was shown to be negligible in
the local plume parameterization by Lazeroms and others (2019).
However, regarding (i), Sergienko and others (2013) showed that
the changes in stiffness can induce important changes in geome-
try and thus melt, with differences up to 20% in the case of warm
cavities.

The proposed regularization of the local plume model intro-
duces only minor discrepancies with the full plume model in
our non-buttressed, flow-line ice-shelf framework. However, real
ice shelves experiencing significant buttressing typically exhibit
smaller basal slopes at the grounding line than those predicted by
our model. Consequently, the proposed regularization may not be
appropriate for such ice shelves, as it would lead to an overesti-
mation of melt rates. The regularization introduced here should be
interpreted primarily as confirmation that the underlying issue has
been correctly identified, rather than as a definitive correction of
the local plume model.

The model employed here does not include a calving param-
eterization, which explains the unrealistic scenario of the shelf
gradually reaching h = 0 at x = x,. In reality, an ice shelf
would likely calve once its thickness falls below a certain thresh-
old or when some stress criterion is passed (e.g., van der Veen,
1998; Benn and others, 2007; Nick and others, 2010; Choi and
others, 2021). However, the discussion in Section 3.2 is inde-
pendent of the calving law, so that the behavior reported here
remains relevant with the inclusion of a calving law, in partic-
ular when calving is not triggered before the melt discontinuity
occurs.

Finally, it is worth noting that plume parameterizations are not
the only viable approach for representing basal melting beneath ice
shelves, with several studies having explored a range of avenues
that could serve as an alternative to the local plume parameteri-
zation, in particular if the issues identified here prove significant in
two dimensions (Reese and others, 2018; Favier and others, 2019;
Burgard and others, 2022; Berends and others, 2023; Coulon and
others, 2024a).

Sartore et al.

5. Conclusion

The gravity-driven circulation in ice shelf cavities is believed to
be a key cause of basal melting. Yet, high complexity and com-
putational cost prevent full cavity simulations in climate models
for long timescales or for large ensembles. Standalone ice sheet
models require melt parameterizations to incorporate ocean sim-
ulations and improve boundary representation (Levermann and
others, 2020; Seroussi and others, 2020). Consequently, sub-shelf
melt must be parameterized in both modeling frameworks. In
this study, we explored one basal melt rate parameterization—
proposed by Lazeroms and others (2019)—which simplifies the full
plume parameterization from Jenkins (2011) to a local approxi-
mation. This parameterization has previously been validated for
fixed ice shelf configurations only, i.e., without accounting for
feedback between the computed melt rate and the evolving basal
profile (e.g., Burgard and others, 2022). To assess the robustness
of the local parameterization, we developed a dynamically coupled
model that integrates ice shelf evolution and plume-induced melt
rates. We report that under certain conditions of ambient ocean
temperature and grounding line ice thickness, the local melt rate
parameterization exhibits unphysical behavior as it does not allow
mass and momentum balances to be satisfied simultaneously. This
anomaly results in melt rate discontinuities and in the prediction
of unphysically long and thick ice shelves.

The range of ambient ocean temperatures for which the dis-
continuity is observed is around —1.6°C to —1.1°C for grounding
line ice thicknesses larger than ~ 200 m, which is in the range
found near a number of Antarctic ice shelves. Outside this param-
eter space, the coupling induces greater discrepancy than in a fixed
model: the mean melt rate can show a difference of 4+ 20 ma™!
relative to the full plume model, with a tendency to underestimate
melt rates in the parameter range relevant for Antarctic ice shelves.
We conclude that unintended artifacts can arise when coupling
ice sheet dynamics to melt processes. Future work should evalu-
ate these effects and feedbacks of local melt rate parameterizations
in a two-dimensional coupled framework.
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Appendix A

Table Al. Parameters from the shallow shelf model and the plume models as

described in the text.

Table A2. (Continued.)

Sartore et al.

Common Plume

Description Variable Value Units Description Variable Value Units
. f R

Gravity constant g 9.81 ms2 Effective T! Ty — L/c — ¢(T; — T})/c c

Seawater density P 1000 kgm> ineltwatv::,r

Ice density pi 900 kg m—> emperature o

Rate factor A 10-24 pa—ig-1  Meltwater freezing Ty A+ A+ Nz C

Flow law exponent n 3 . temperature

Table A2. Parameters and variables of the plume models as described in the
text. Following Jenkins (2011), we replace Ty with T in the expressions of M,

and Tff in our simulations, which simplifies the numerical integration and has
no measurable impact on the results.

Plume

Description Variable Value Units
Haline contraction Bs 7.86 x 1074 1
coefficient
Thermal Br 3.87 x 107° K
expansion
coefficient
Specific heat ¢ 3.974 x 10° Jkg Tk
capacity of
seawater
Specific heat I 2.009 x 10° Jkg'K!
capacity of ice

oy LBy /(T BsSac) -

Cpy —1Br/Bs -

Cr Cpy/p, -
Slope correction C. 0.6 —
parameter :
Lateral shear Cw 2(n+1)n -
stress parameter
Drag coefficient Cy 2.5 x 1073 —
Ambient density 220a BB _ g da m~!

dzy, dz, dzy,
contrast slope
Effective melt- Ap? Bs(Sy—S) — —
water densit of
contrast ’ Pr (Ta g )
Entrainment E, 3.6 x 1072 —
coefficient
Effective thermal r 5.9 x 1074 —
Stanton number
Latent heat of L 3.35 x 10° Jkg!
fusion for water
Seawater freezing Al —5.73 x 1072 °C
point slope
Seawater freezing A, 8.32 x 1072 °C
point offset
Depth depen- A; 7.61 x 107* °Cm™!
dence of freezing
point
Basal slope sina —0h/0x/+/ ph/p? + |Oh/Ox|? —
Melt rate factor M, r/ (Tf — Tff) !
Ice salinity Si 0 psu
Ice temperature T; 0 °C
Plume freezing Ty AMS+ X+ Az °C
temperature
Ambient freezing Tof ASs + A+ Aszy °C
temperature
(Continued)
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Figure B1. Steady-state ice profiles (top) and melt rates (bottom) calculated using
Python (dashed lines) and PETSc (dots) for ambient ocean temperature T, = —1.9°C.
Three different melt parameterizations are shown: no melt (black), the local plume
model (green) and the full plume model (blue).
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Figure B2. Influence of the initial plume thickness D¢ on the coupled system with
the full plume model: D¢ = 0.1 m (red), D¢ = 1 m (black) and D$ = 10 m (green). The
ambient ocean temperature is T, = —1.9°C. Note that the results are not sensitive
to a change in D¢ across three orders of magnitude.
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Figure B3. Identical to Figure 5 but with the plume parameterization from Lazeroms and others (2018) instead of that from Lazeroms and others (2019).

Appendix C

We selected 18 ice shelves to broadly represent the conditions at the base
of Antarctic ice shelves. The selection was made to ensure a geographically
representative distribution around Antarctica while focusing on the larger
ice shelves. The two boxes shown in Fig. 5 were derived using QGIS (QGIS
Development Team, 2025) as described below.

Ocean temperatures were obtained from the World Ocean Atlas 2023
dataset for both winter and summer (Reagan and others, 2024), with one excep-
tion for Pine Island, where we used the ocean temperature data from Burgard
and others (2022) since the World Ocean Atlas 2023 missed data. Each ice
shelf was manually delineated, with the masking region extending a few grid
cells in front of the shelves. The temperature was averaged both spatially across
each shelf from the sea bed to 200 m below sea level, and temporally across
summer and winter. The 200 m depth temperature was selected as a repre-
sentative proxy for potential warm water intrusions into the ice shelf cavities.
The separation of shelves into two groups was solely based on the tempera-
ture because it creates a clear distinction with a threshold at —1°C. The ‘cold’
regime comprises the Ross, Mertz, Totten, Shackleton, Amery, Filchner, Ronne,
Larsen and Dotson ice shelves (blue box, T, = [—1.9, —0.9]°C). These shelves

are located farther south and further from the continental shelf edge than
other ice shelves, thereby remaining isolated from the Antarctic Circumpolar
Current. In contrast, the ‘warm’ regime includes the Rennick, Cook, Baudouin,
Stancomb-Brunt, Wilkins, Abbot, Getz, Pine Island and Fimbul ice shelves (red
box, T, = [—1.1, 0.5]°C), which are closer to the continental shelf break, more
exposed to warmer water and subject to higher levels of basal melting.

The grounding line position and ice thickness were obtained from Bedmap3
(Pritchard and others, 2025). To account for uncertainties related to grounding
zone migration, the entire grounding line was buffered by 2 km. For each ice
shelf, the grounding line was segmented into distinct polygons. Ice thickness
statistics were derived for each grounding zone polygon separately (grouped by
ice shelf), excluding grid points with zero ice thickness. Finally, the boundaries
of each box in Fig. 5 are defined as the extrema of the mean + one standard
deviation for each ice shelf.

The ‘realistic’ temperature profile used in Fig. 2 is extracted from Burgard
and others (2022). It represents a simulated mean temperature profile aver-
aged in front of Thwaites Ice Shelf. The simulation was performed with NEMO
(Nucleus for European Modelling of the Ocean) under realistic conditions as
defined in Burgard and others (2022).
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