
Response to Referee 1 on “A fast and unified subglacial hydrological model applied
to Thwaites Glacier, Antarctica” by Kazmierczak, Gregov, Coulon & Pattyn.

Dear Referee,

We would like to thank you for the time you have already devoted to reviewing our manuscript.
In order to clarify some elements and to enable you to continue your review, we provide here-
after additional comments related to the assumptions made within the original manuscript. Our
comments are written in blue. The revised manuscript will be modified so that this information
is more complete and clear.

Best regards,

On behalf of the authors,
Thomas Gregov

Response to the Referee’s comments

In this work, the authors develop a new hydrological model for Antarctica, and then apply it
to some example cases, including modelling the retreat rate of Thwaites Glacier. I am reading
the examples as test-cases of the model implementation, rather than fully fledged investigations
into the likely future behaviour of Thwaites, and I appreciate that the abstract and conclusions
respect this level of preliminarity (although the title might make one think otherwise).

We agree with the Referee – we will change the title in order to be more generic. Thwaites is
used as a particularly interesting test case, as it is thought to be composed of both hard and
soft regions.

The authors make some interesting modelling assumptions in the setup of the hydrology model,
some of which are also found in Gowan et al. (2023), a paper I will admit I was not familiar
with. The current manuscript presents itself as not proposing too much beyond simplifications
that are already present somewhere in the literature. However, given the number of di↵erent
hydrological models currently out there, it would be good to compile a clear list of the simpli-
fying assumptions at play in this work, so that future users can quickly assess if their use-case
fits in this framework.

We thank the Referee for the suggestion of making the assumptions clearer. As those are not
necessarily common within other hydrological models, this should indeed help potential readers
identify more easily whether or not our model is suited for specific applications. We will also
clarify the di↵erences with the assumptions made in Gowan et al. (2023).

As I read it, the modelling assumptions are

• The hydrological system is always in steady state, i.e. the timescale of basal melt and
channel development is fast compared to the timescale of forcing changes - likely a good
assumption for Antarctica, less so for seasonal meltwater input in Greenland (so figure 7
seems a bit of a perverse/misleading test case - although here the timescale appears to
be thousands of years, so perhaps this is not supposed to investigate seasonality, just a
demonstration of the non-monotonicity of figure 5?).

That is correct. Our model is meant for Antarctica, and should probably not be used
for Greenland. Figure 7 is associated with subsection 3.2 (‘the e�cient to non-e�cient
switch’), so the role of this figure is indeed to investigate the non-monotonicity of the
relation between the flux and the e↵ective pressure, rather than the e↵ect of seasonality.
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• Gradients in hydraulic potential are primarily geometric, since N is slowly varying, ex-
cept at the grounding line, so when converting between Qw and S using (5a), we can
ignore gradients in N . This seems reasonable, but I don’t quite understand the paragraph
at l.126 - “so we choose not to do this” (do what?). Isn’t qw being computed directly
from (2) without any specification of what gradient it is proportional to? Perhaps the way
(2) is solved could be made more explicit - no expression for qw is given in the manuscript.

This requires a bit of explanation. Equation (2) is given by

8
<

:
r · qw =

ṁ

⇢w
, in ⌦,

qw · n = 0, on �d.

(R1a)

(R1b)

By itself, this system of equations alone cannot be used to determine the subglacial water
flux qw. Indeed, if (qx, qy) are the components of qw, then equation (R1a) is explicitly
given by

@qx

@x
+
@qy

@y
=

ṁ

⇢w
, in ⌦, (R2)

that is, one equation for two unknowns. To determine qw, we therefore need some addi-
tional information. Physically, equation (R1a) constrains how the subglacial water can
evolve: in each arbitrary region (and, in particular, in each grid cell), there is an imbalance
between the inflow and outflow of subglacial water, the imbalance being caused by the
basal-melt term ṁ/⇢w. However, (R1a) does not specify where (i.e., in which direction)
the excess of water goes. It is for that reason that we need to specify the direction of qw.

This can be made more explicit by considering an integral version of (R1a): integrating
this equation over a grid cell ! of the mesh, one gets

 out =  in +

ˆ
!

ṁ

⇢w
d!, (R3)

in which  in and  out are the inflow and outflow integrated scalar fluxes, respectively.
Explicitly, these are given by

 in = �
ˆ
@!in

qw · n dl and  out =

ˆ
@!out

qw · n dl, (R4)

with @!in (resp. @!out) the part of cell boundary associated to an inflow of subglacial
water, i.e., qw · n < 0 (resp. qw · n > 0). Note that, by construction,  in and  out are
non-negative. Equation (R3) can then be iteratively solved by determining the value of
the scalar flux in a cell, and then ‘propagating’ the outgoing flux to neighboring cells that
are in the direction of qw. This is the method we follow to solve this equation; specifically,
we use the method of Le Brocq et al. (2009), as stated in the original manuscript. This
method takes the form of a routing algorithm, and is based on earlier developments (Budd
and Warner, 1996; Le Brocq et al., 2006). It has been used in the context of the compu-
tation of subglacial water flow in other studies, e.g., in Pattyn (2010) and in Kazmierczak
et al. (2022).

It remains to clarify the question of the direction of qw. Physically, this direction is the
same as the direction of the hydraulic potential gradient r�, as water flows from high to
low values of the hydraulic potential �. We also have

r� = r�0 �rN, (R5)

in which, at this point in the manuscript, r�0 is known, but rN is not. However, we
anticipate the result that r� ⇡ r�0 in most of the domain. Therefore, we state that the
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direction of qw is the one of r�0, and not the one of r�. We therefore choose not to
include the term rN in the computation of the direction of the flow.

Note there is an extra factor of S1 in (6a), but I assume this is just a typo, since the
plots of N1 in figure 5 show the correct behaviour from (5b).

Indeed, thanks!

• Close to the grounding line, N must go to zero, so by eye, the authors pick an error function
to approximate this transition. Per appendix B, this is not the solution to any local in-
ner form of the ODE, but just a function that has the right gradient at the grounding line.

It is true that the error function is not the analytical solution to the inner problem.
Nonetheless, it is reasonably close to the numerical solution to that problem (see figure
B1(b)). Hence, its use has the advantage of leading to a practical closed-form expression:
the error function is easy to compute and available in most scientific computing libraries.
At the same time, its use leads to a relatively small error.

• Drainage density, regardless of the nature of the basal hydrology, is constant in space and
time, and thus the flux through a drainage element is some constant, large, multiple of
the flux through the area it represents. This one I find harder to wrap my head around,
particularly since ine�cient drainage is often imagined as slow flow everywhere (so what
even is a drainage element in this case?) and models such as GlaDS and SHAKTI show
dynamically evolving channel networks and drainage densities over time. This really is a
big simplification, and the one that allows for the shift in scale, and I’m saddened that it
is not discussed further (the choice of value for lc, the drainage density, is not discussed
at all).

We agree with the Referee that this is a strong assumption in the model, and we apologize
for not discussing it further.

In our model, we took lc = 10 km, which is similar to the value used in Gowan et al.
(2023). Although the choice of taking a value of lc that is both uniform and constant is
made for simplicity, the value chosen in Gowan et al. (2023) is based on some observa-
tions of the distance between eskers. The goal of our study is to provide a model that
is capable of representing the essential physics of di↵erent types of hydrological compo-
nents (e�cient/ine�cient, hard/soft) at a relatively large scale, i.e., at a resolution that
is of the order of at least a few kilometers. In that sense, we use a ‘lumped-element’
approach, i.e., we parametrize complex and distributed flows using simplified relations
that aim to reproduce the overall behavior of the system. With that in mind, it seems
to us that developing models that are able to incorporate these di↵erent types of hydro-
logical components is particularly important, which is why we have focused our study on
including these, rather than prescribing or tuning parameters. This is corroborated by
our results, which are noteworthy; they suggest that, even for a a relatively simple model
(e.g., with a constant and uniform value for lc), (i) including subglacial hydrology that is
coupled to ice flow greatly increases the sensitivity of marine ice sheets to external forcings
and (ii) there is a strong dependency on the e�ciency of the system and on the type of bed.

Nonetheless, we acknowledge that the drainage density, in general, should not be a con-
stant in space or in time. As such, it could be particularized to the type of drainage
system or the type of bed, e.g., by tuning it against a high-resolution hydrological model
such as GlaDS or SHAKTI. We leave this for future work. We still want to emphasize
that the value of lc does not change the fundamental dynamics that govern water flow, in
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the sense that, for example, the e↵ective pressure is an increasing or decreasing function
of the subglacial water flux is mainly unchanged if the value of lc is modified. In the
end, friction coe�cients (and, possibly, other parameters), will be tuned so that some
computed quantities fit observations. Again, with that in mind, it seems more important
to obtain the right dynamical relations between the variables of the system rather than
determining exactly one of the parameters, as many choices of parameters can poten-
tially lead to a good fit with observations. By contrast, fixing correctly parameters does
not guarantee the correct relation between the e↵ective pressure and the flux, for example.

This discussion should also, hopefully, respond to the Referee’s question about the nature
of an ine�cient drainage component: it is a component that is such that the relation
between N and Q in a grid cell is the one prescribed by an ine�cient system (i.e., equation
(6) with H ⇠

p
S); no more, no less.

• E↵ective pressure within the drainage elements (a small proportion of the domain) is equal
to the e↵ective pressure everywhere else - despite how strongly models that resolve the
channels show them as being local lows in the hydraulic potential. (Not discussed)

We agree with the Referee’s comment that our model is not able to include any spatial
variation of the e↵ective pressure at a scale that is smaller than the grid scale. That is an
inherent limitation of the approach that we have pursued. Although this has been men-
tioned in the discussion section, we will discuss it in more detail in the revised manuscript.

• Specific choices about howH, L, and S depend on the type of bed, which are well-discussed
and clear.

Ok.

• Specific choices about how Qw depends on S and r�, which have quite a lot of precedent
in the literature, although I might have expected a non-turbulent parametrisation for the
ine�cient system, and it’s not clear why K should be the same for all geometries.

Here we have followed Schoof (2010) and Gowan et al. (2023). We recognize that there is
quite an important missing portion of the literature that we have omitted in our paper,
and will include the relevant references in the revised version.

Fundamentally, there is no reason why K should be the same for all geometries. Our
rationale is the same as the one described earlier for the choice of values for lc: in our
paper, we focused on the right relations rather than the right parameters, although we
acknowledge that the choice of parameters could, and should, be studied in more details
in future work.

I’m also confused about the basal melt production. No expression for the ṁw in equation (3) is
given, the term driving feedback between routing and meltwater production. The channelised
version of the expression is given in (5b), but it’s not clear if/how this is included in the routing
algorithm.

Indeed, the expression for ṁw is missing from the manuscript. It is given by

ṁw =
|qw ·r�|

Lw
=

1

lc

Qwkr�k
Lw

=
1

�x


�x

lc

Qwkr�k
Lw

�
. (R6)

Here, �x/lc is the number of conduits per cell, and Qwkr�k/⇢iLw is the melt production per
conduit. In our numerical experiments, the term ṁw was found to be relatively small in the
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total melt production.

This feedback also seems to be missing in (B1b), with the meltwater input to the channel as-
sumed constant (scaled to 1 in B4b) and not dependent on local melt.

Indeed, we have assumed a constant meltwater input. In fact, it turns out that the local melt
is not an important contribution to the total melt in a channel. We refer to Lu and Kingslake
(2023) – in which the authors describe a model analogous to ours – that show through a scaling
analysis that this term can be dropped at leading order for marine ice sheets.

I have not read too closely into the experiments, and model results, nor provided specific line-
byline minor comments, because I would like more clarity on the model setup first. I hope
this is ok. I do think this is potentially quite an interesting approach to modelling Antarctic
hydrology, but I would like to see more justification from the authors for the assumptions of
their model.

We thank the Referee for their encouraging comment, and hope that the justifications provided
here will allow them to continue their review.
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Addundum to the Response to Referee 1 on “A fast and unified subglacial hydro-
logical model applied to Thwaites Glacier, Antarctica” by Kazmierczak, Gregov,
Coulon & Pattyn.

Dear Referee,

Following the comments of all the Referees, we have made changes and improvements to several
sections of our manuscript. In this addendum to our previous response, we would like to describe
in more detail the additional changes that are relevant to your comments, as we believe they
may be valuable. This addendum is divided into four parts:

A. Assumptions of the hydrological model

B. Clarification of the expression of the melt rate

C. Form of the Darcy-like flow equation

D. Justification and impact of the drainage density

The modifications and additions to the initial manuscript are written in blue.

Best regards,

On behalf of the authors,
Thomas Gregov

A. Assumptions of the hydrological model

In the new structure of the model description, we have tried to improve the description of the
hydrological model by stating the main assumptions prior to the derivation of the model. This
has resulted in an additional subsection to the Model section, which is now structured as follows:

1. Ice-flow model

2. Hydrological model

2.1. Simplifying assumptions

2.2. Subglacial water routing

2.3. Subglacial e↵ective pressure

2.4. Bed rheology

Specifically, the following discussion has been added to the new ‘Simplifying assumptions’ sub-
section:

“The key simplifying assumptions are given by the following:

1. There is limited temporal melt variability so that the hydrological system is in a quasi-static
equilibrium with respect to the ice-sheet geometry. Therefore, changes in ice geometry will
be the main driver for changes in subglacial water variability (both spatial and temporal).

2. A few kilometers upstream of the grounding line, the hydraulic gradient is approximated
by the geometric gradient.

3. The drainage density is uniform and the e↵ective pressure is not calculated at a sub-grid
level.

The first assumption is based on several studies of subglacial hydrology in Antarctica (Le Brocq
et al., 2009; Pattyn, 2010; Kazmierczak et al., 2022), among others, that demonstrate that —
contrary to the Greenland ice sheet— there is limited surface meltwater infiltration. Hence,
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changes in hydrology are primarily due to changes in ice geometry. Since the time scales associ-
ated with water flow are much smaller than those associated with ice flow, subglacial hydrology
automatically adapts to any change in ice geometry and reaches the associated equilibrium. The
second assumption is motivated by a scaling analysis through an estimation of the dimension-
less ratio ⌘ := [rN ]/[r�0], where [rN ] is the scale of the spatial gradients for the e↵ective
pressure and [r�0] is the characteristic scale for the geometric potential gradient. For the for-
mer we take [rN ] = [N ]/[x], with [N ] = 1MPa and [x] = 103 km. For the latter we take
[r�0] = 5 ⇥ 10�2MPa km�1, which is a plausible value for ice sheets (Hewitt, 2011). This
results in ⌘ = 2 ⇥ 10�2 ⌧ 1, suggesting that krNk ⌧ kr�0k and r� ⇡ r�0. We further
note that profiles obtained with a high-resolution subglacial hydrology model suggest that r�
and r�0 have a correlation of at least ⇠ 80% for a region that is several kilometers upstream
of the grounding line (see Supplementary Material S1). Finally, the third assumption follows
from our modeling approach, where we do not describe the e↵ective pressure at the sub-grid scale
and where we assume the same number of conduits in each grid cell, similar to Gowan et al.
(2023).”

The Supplementary Material S1 refers to the assessment of the assumption that r� ⇡ r�0

outside the vicinity of the grounding line based on data. Here is the content of this addition to
the supplementary materials:

“Here, we provide additional data to underpin the validity of the assumption that r� ⇡ r�0

outside the range of influence of the grounding line, which is a few kilometers from it. Since
there are no direct observations of the e↵ective-pressure field in Antarctica, we have to rely
on high-resolution models. A first test case comes from Lu and Kingslake (2023) who uses a
high-resolution model that couples ice-sheet dynamics and subglacial hydrology for hard beds.
Potential limitations of that study is that it considers a flow line and a smooth bedrock. The
assumption that r� ⇡ r�0 a few kilometers upstream of the grounding line is confirmed nu-
merically (Figure R1).
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(b) Computed gradients.

Figure R1: Data derived from Figure 4 of Lu and Kingslake (2023).

A second test case comes from Hager et al. (2022) who applied the high-resolution model MALI
(Ho↵man et al., 2018) to Thwaites Glacier. They also consider a hard-bed hydrology. The
computed e↵ective pressures along a center-line transect are shown in Figure R2. Note that the
signals are much more noisier compared to the first test case. This noise can be attributed to
the model resolution, but also to the presence of localized hydrological features that cross the
center-line transect at which the e↵ective pressures are evaluated, therefore resulting in very
localized variations. However, we observe a good correlation between @s� and @s�0 out of the
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vicinity of the grounding line (Figure R2): ⇠ 80% over the range [10, 400] km, suggesting that
the assumption that r� ⇡ r�0 is valid in this region.”
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Figure R2: Data derived from Figure 8 of Hager et al. (2022).

B. Clarification of the expression of the melt rate

The expression for ṁw was missing from the manuscript. We have modified the introduction of
the melt rate as follows:

“The latter is computed from the energy balance within the ice sheet and includes e↵ects of
geothermal heat flux, frictional heating due to the motion of both ice and subglacial water, and
thermal conduction, i.e.,

ṁ =
G+ ⌧b · vb � qT

Lw
+ ṁw , (R1)

where G is the geothermal heat flux, qT is the thermal conduction flux, Lw is the latent heat
for ice, and ṁw = |qw · r�|/Lw is the water melt rate due to the dissipated energy from the
subglacial water conduits. However, we do not include this last term in our simulations as it
was found to be negligible compared to the other terms.”

C. Form of the Darcy-like flow equation

Regarding of the use of the Darcy–Weisbach equation equation for the relation between Qw,
S, and r�, we now mention that we follow the approach taken in Schoof (2010), although we
acknowledge the possibility of considering other parametrizations:

“Following Schoof (2010), we assume a turbulent flow, with ↵ = 5/4, � = 3/2, and K =
(2/⇡)1/4

p
(⇡ + 2)/(⇢wf), where f is a friction coe�cient (e.g., Clarke, 1996). Other choices

have been considered for subglacial hydrology in the literature; we refer to Hewitt (2011) and
Werder et al. (2013) for laminar parametrizations, and to Hill et al. (2023) for a discussion of
the transition between laminar and turbulent flows and their range of validity.”

D. Justification and impact of the drainage density

We have made several changes to the manuscript with respect to the uniform drainage density.
It is now explicitly mentioned in the additional ‘Simplifying assumptions’ subsection (see com-
ment in part A of this addendum).

Moreover, we have added the following after sentence the introduction of the parameter lc:
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“We take lc = 10 km, which is similar to the value considered in Gowan et al. (2023) based on
observations of distances between eskers formed under the Laurentide Ice Sheet (Storrar et al.,
2014).”

Finally, we have added an appendix with a sensitivity analysis with respect to lc, and also with
respect to the other unconstrained parameters, namely, Qc and Ftill:

“We performed a sensitivity analysis of the least constrained parameters of our model, i.e., lc,
Qc, and Ftill (Figure R3). It can be observed that lc has only a limited e↵ect for hard beds,
while it has a more pronounced impact for soft beds. From equation (4), a change in lc results
in a change in the water flux Qw, which will be important if water flow transitions from an
e�cient to an ine�cient flow (or the reverse). However, for hard beds, the entirely e�cient or
ine�cient cases yield similar results (Figure 9b). On the contrary, for soft beds, the di↵erence
between the entirely e�cient or ine�cient cases is more pronounced (Figure 9b), and it follows
that there is a stronger dependence with respect to lc. For Qc and Ftill, the impact is limited.
Finally, it can be noted the spread in the results increase over a time.”
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Figure R3: Sensitivity analysis of the results with respect to the parameters lc, Qc, and Ftill. The
set-up is the same as the one described in the forcing experiments over Thwaites (subsection 4.2,
Subglacial hydrology on homogeneous beds), except that di↵erent values of these parameters
are chosen. The shaded areas correspond to the ranges lc 2 [5, 15] km, Qc 2 [0.5, 1.5]m3/s,
and Ftill 2 [1, 2], and the lines correspond to the nominal values considered in the original
experiment.
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Response to Referee 2 on “A fast and unified subglacial hydrological model applied
to Thwaites Glacier, Antarctica” by Kazmierczak, Gregov, Coulon & Pattyn.

Dear Referee,

We would like to thank you for you detailed review; your numerous constructive comments are
much appreciated. We are convinced that your comments helped improving our manuscript
significantly. Below, you will find a point-by-point response to your remarks, written in blue.
We hope that our responses will be satisfactory.

Best regards,

On behalf of the authors,
Thomas Gregov

Response to the Referee’s comments

Overview

This manuscript presents a subglacial hydrology model that represents ine�cient and e�cient
subglacial drainage in the context of hard and soft beds, coupled to an ice dynamics model.
The model is demonstrated with application to an idealized setting based on the MISMIP ex-
perimental setup and to Thwaites Glacier to investigate the influence of subglacial hydrology
on its future behavior.

I am glad to see this work being done, combining di↵erent pieces of subglacial hydrology mod-
eling in a way that is more practical for large-scale and long-term ice sheet simulations than
many previous e↵orts. While I am enthusiastic about the paper’s topic and findings, it will
benefit from some revisions to strengthen it before publishing.

Please see the specific comments below. In general, the model description needs additional
work for completeness and clarity, as already highlighted by another reviewer’s comments. The
structure of the paper could also be improved upon for easy navigation, to clearly indicate where
results are presented versus experimental descriptions. The lengthy Discussion section would
benefit from being broken up into subsections for each theme addressed within it.

These are valuable suggestions and we thank the Referee for them. Following their suggestion,
we have added a new subsection to the Model section. It is now structured as follows:

1. Ice-flow model

2. Hydrological model

2.1. Simplifying assumptions

2.2. Subglacial water routing

2.3. Subglacial e↵ective pressure

2.4. Bed rheology

The additional subsection, ‘Simplifying assumptions’, should clarify our hypotheses, as also re-
quested by another Referee.

Regarding the sections 3 and 4, we now explicitly mention in the title of each subsection whether
we are discussing the experimental set-up or results of simulations.

Finally, we have split the Discussion section into several subsections, as follows:

1. Influence of subglacial conditions

2. Hydrological feedback

3. Model limitations
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As a final comment, much of the analysis of Thwaites behavior focuses on location and migra-
tion of the grounding line. How would this change by considering a grounding zone rather than
a distinct grounding line? Some brief mention or discussion about this would be helpful.

In our model we do not consider sub-shelf melting beyond the grounding line, so partially
grounded cells are not a↵ected by sub-shelf melting (see Seroussi and Morlighem (2018) for a
more profound discussion on this). Of course, extending sub-shelf melting under grounded ice
shelves increases the sensitivity of the model, since you are melting away the grounded ice sheet
that is already close to floatation, so the latter is enhanced. In a recent paper, Rignot et al.
(2024) make observations of a grounding zone and witness pretty high melting rates in that
area, especially when all the heat is used for melting. It leads to values of up to 60 meters per
year, which is a lot. Definitely, such high melt rates will increase the sensitivity of grounding-
line retreat and it is worth looking into this problem in future research. Furthermore, in a just
published paper by Bradley and Hewitt (2024), water intrusion underneath the grounding zone
could lead to a further instability. Both mechanisms are not considered in our model, but are
now discussed.

I look forward to seeing this work being refined to make an impactful publication. It is an
important e↵ort to improve representation of subglacial hydrology in large ice-sheet models,
and the work presented here is a great contribution toward this aim.

We would like to thank the Referee for their encouraging comment.

Specific Comments

Lines 40-42: It may be helpful to some readers to give example ranges of the typical temporal
and spatial scales discussed here, for both hydrology and ice dynamics.

We have added this information in the revised manuscript – for subglacial hydrology, the spatial
and temporal scales can be as small as a few meters and a couple of hours, whereas for Antarctic
ice-sheet dynamics, areas are hundreds of kilometers wide and the temporal response occurs over
spans of several years.

Line 49: Clarify what “various bed types” means.

We have added that this corresponds to the hard/soft distinction.

Figure 1: This figure could be combined with another figure as an inset.

That is a good suggestion. We have included this figure as an inset of the Figure 9(a) of the
original manuscript.

Line 89: It would be useful to include a brief description of what you mean by ‘e�cient’ and
‘ine�cient’ drainage before this.

We have added the following here: “Here we consider that a hydrological system is e�cient if
it transports large fluxes of water.”.

Line 91: How small is the local scale? Order of sub-meter, meter, tens of meters, hundreds of
meters?

We have added the following here: “observations suggest that channels are meters to at most a
few hundreds meters wide, that maximal width being reached close to the grounding line (Drews
et al., 2017)”.

Note that, in our model, this local scale is not explicitly prescribed. Rather, it is the amount of
hydrological components (which we refer to as ‘conduits’ in our manuscript) per grid cell that
is prescribed, through the quantity lc.
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Line 99: The SHAKTI model also combines ine�cient and e�cient drainage, with a contin-
uum approach. Sommers, A., Rajaram, H., and Morlighem, M.: SHAKTI: Subglacial Hy-
drology and Kinetic, Transient Interactions v1.0, Geosci. Model Dev., 11, 2955–2974, https:
//doi.org/10.5194/gmd-11-2955-2018, 2018.

We have added the reference Sommers et al. (2018) here.

Figure 2: I am slightly confused by this figure and the flow shown. A more thorough description
of the coupling in the text would probably help.

We have improved the description of the caption of this figure by completing it with additional
information. It is now given by the following:
“Flowchart of the dynamical linkage between the ice sheet and the subglacial hydrology. At
each time step, the ice-sheet model provides the basal melt rate ṁ and the geometrical po-
tential �0. Based on these, the e↵ective pressure is computed in three steps: (i) The global
distributed subglacial water flux qw is computed according to Le Brocq et al. (2009); (ii) a con-
nection between both global and local (conduit) scale is obtained by specifying the distance lc

between the conduits (Gowan et al., 2023), yielding a volumetric water flux Qw in each con-
duit; (iii) the e↵ective pressure N is computed for each conduit via a parametrization where
F(�0/N1) = erf[(

p
⇡/2)�0/N1] serves as a correction factor for the impact of the grounding

line (GL), and where N1 is the e↵ective pressure far upstream of the grounding line. This
e↵ective pressure is then used by the large-scale ice-sheet model and is the same for all conduits
that belong to the same grid cell.”.

Besides, we now clearly mention that the content of the figure is described in further details in
the following subsections.

Line 108: How cheap? Give some illustrative value to back up this claim, probably based on
domain size, resolution, time step, simulation time, number of processors, wall-clock time.

We have modified this paragraph to the following: “By contrast, our model is computationally
cheap, with the computational time associated with the subglacial hydrology calculation repre-
senting only a small fraction of the computational time associated with the ice-sheet model. This
allows us to study the impact of subglacial hydrology on ice dynamics on a large scale and at
a limited computational cost, while at the same time keeping the essential features of complex
subglacial hydrology models”.

Overall, the major computational cost comes from the distributed water flux qw calcula-
tion, which is done e�ciently using the method from Le Brocq et al. (2009), combined to a
parametrization (i.e., an explicit formula) for the e↵ective pressure – equation (7).

To give an order of magnitude, the non-forced Thwaites experiments on a homogeneous bed
with a hard bed (HARD) take ⇠ 15% more computing time compared to the the no-hydrology
case (NON).

Line 112: Depth-integrated subglacial water flux?

We are not convinced that ‘depth-integrated subglacial water flux’ is the right name for qw.
There are several ways to relate this flux to well-known quantities. One of these is to consider
that this water flux is evenly distributed over the whole grid cell, giving rise to a water film of
depth dw (Le Brocq et al., 2009). In that case,

qw = uw dw, (R1)

where uw is the depth-averaged horizontal velocity. Hence qw has units m2/s.

Another way is to consider the water flux. Usually, it is defined as the volume of water that
crosses a surface per unit of time. The relation between qw and the total water flux in each cell
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Qtotal follows the same reasoning to convert qw and Qw: we have

Qtotal = �x kqwk, (R2)

where �x is the width of the square grid cell. Hence, qw can be interpreted as a water flux per
unit length (hence our name ‘distributed subglacial water flux’), but not as a depth-integrated
water flux.

Lines 119-120: For completeness, describe how the melt rate due to dissipation (ṁw) is calcu-
lated. Do you include this dissipation term everywhere? This is worth clarifying because of the
legacy of models that only include it for channel components.

Apologies, the expression for ṁw was indeed missing from the manuscript. We have modified
this paragraph as follows: “(...), i.e.,

ṁ =
G+ ⌧b · vb � qT

Lw
+ ṁw , (R3)

where G is the geothermal heat flux, qT is the thermal conduction flux, Lw is the latent heat
for ice, and ṁw = |qw · r�|/Lw is the water melt rate due to the dissipated energy from the
subglacial water conduits. However, we do not include this last term in our simulations as it
was found to be negligible compared to the other terms.”

Lines 126-129: Intriguing to use the simple routing scheme – I’m interested to see the results
that support the claim that �0 is approximately equal to � over most of the domain. Perhaps
pointing to a figure would be good, rather than simply saying “in anticipation of what follows”.
It seems like a strange thing to want to decouple the water routing from e↵ective pressure when
you are interested in modeling subglacial hydrology, given that water flow is driven by gradients
in potential, which obviously changes depending on e↵ective pressure.

In the new structure of the description of the model, we tried to improve the description of the
hydrological model by stating the essential assumptions prior to the derivation of the model.
This allowed us to remove this ‘in anticipation of what follows’.

Specifically, the following discussion has been added to the new ‘Simplifying assumptions’ sub-
section:

“The key simplifying assumptions are given by the following:

1. There is limited temporal melt variability so that the hydrological system is in a quasi-static
equilibrium with respect to the ice-sheet geometry. Therefore, changes in ice geometry will
be the main driver for changes in subglacial water variability (both spatial and temporal).

2. A few kilometers upstream of the grounding line, the hydraulic gradient is approximated
by the geometric gradient.

3. The drainage density is uniform and the e↵ective pressure is not calculated at a sub-grid
level.

The first assumption is based on several studies of subglacial hydrology in Antarctica (Le Brocq
et al., 2009; Pattyn, 2010; Kazmierczak et al., 2022), among others, that demonstrate that —
contrary to the Greenland ice sheet— there is limited surface meltwater infiltration. Hence,
changes in hydrology are primarily due to changes in ice geometry. Since the time scales associ-
ated with water flow are much smaller than those associated with ice flow, subglacial hydrology
automatically adapts to any change in ice geometry and reaches the associated equilibrium. The
second assumption is motivated by a scaling analysis through an estimation of the dimension-
less ratio ⌘ := [rN ]/[r�0], where [rN ] is the scale of the spatial gradients for the e↵ective
pressure and [r�0] is the characteristic scale for the geometric potential gradient. For the for-
mer we take [rN ] = [N ]/[x], with [N ] = 1MPa and [x] = 103 km. For the latter we take
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[r�0] = 5 ⇥ 10�2MPa km�1, which is a plausible value for ice sheets (Hewitt, 2011). This
results in ⌘ = 2 ⇥ 10�2 ⌧ 1, suggesting that krNk ⌧ kr�0k and r� ⇡ r�0. We further
note that profiles obtained with a high-resolution subglacial hydrology model suggest that r�

and r�0 have a correlation of at least ⇠ 80% for a region that is several kilometers upstream of
the grounding line (see Supplementary Material S1). Finally, the third assumption follows from
our modeling approach, where we do not describe the e↵ective pressure at the sub-grid scale and
where we assume the same number of conduits in each grid cell, similar to Gowan et al. (2023).”

Note that saying that krNk ⌧ kr�0k is not the same as saying that N = 0; rather, we are
saying that N varies much more slowly in space compared to �0.

The Supplementary Material S1 refers to the assessment of the assumption that r� ⇡ r�0

outside the vicinity of the grounding line based on data. Here is the content of this addition to
the supplementary materials:

“Here, we provide additional data to underpin the validity of the assumption that r� ⇡ r�0

outside the range of influence of the grounding line, which is a few kilometers from it. Since
there are no direct observations of the e↵ective-pressure field in Antarctica, we have to rely
on high-resolution models. A first test case comes from Lu and Kingslake (2023) who uses a
high-resolution model that couples ice-sheet dynamics and subglacial hydrology for hard beds.
Potential limitations of that study is that it considers a flow line and a smooth bedrock. The
assumption that r� ⇡ r�0 a few kilometers upstream of the grounding line is confirmed nu-
merically (Figure R1).
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Figure R1: Data derived from Figure 4 of Lu and Kingslake (2023).

A second test case comes from Hager et al. (2022) who applied the high-resolution model MALI
(Ho↵man et al., 2018) to Thwaites Glacier. They also consider a hard-bed hydrology. The
computed e↵ective pressures along a center-line transect are shown in Figure R2. Note that the
signals are much more noisier compared to the first test case. This noise can be attributed to
the model resolution, but also to the presence of localized hydrological features that cross the
center-line transect at which the e↵ective pressures are evaluated, therefore resulting in very
localized variations. However, we observe a good correlation between @s� and @s�0 out of the
vicinity of the grounding line (Figure R2): ⇠ 80% over the range [10, 400] km, suggesting that
the assumption that r� ⇡ r�0 is valid in this region.”

Line 132: How is lc chosen? How sensitive are results to this value?

That is a good question and apologies that we did not specify this more clearly in the manuscript.
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Figure R2: Data derived from Figure 8 of Hager et al. (2022).

We have added the following after its introduction: “We take lc = 10 km, which is similar to
the value considered in Gowan et al. (2023) based on observations of distances between eskers
formed under the Laurentide Ice Sheet (Storrar et al., 2014).”

Furthermore, we have added an appendix with a simple sensitivity analysis with respect to lc,
Qc, and Ftill (Figure R3).
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Figure R3: Sensitivity analysis of the results with respect to the parameters lc, Qc, and Ftill. The
set-up is the same as the one described in the forcing experiments over Thwaites (subsection 4.2,
Subglacial hydrology on homogeneous beds), except that di↵erent values of these parameters
are chosen. The shaded areas correspond to the ranges lc 2 [5, 15] km, Qc 2 [0.5, 1.5]m3/s,
and Ftill 2 [1, 2], and the lines correspond to the nominal values considered in the original
experiment.

It can be observed that lc has only a limited e↵ect for hard beds, while it has a more pronounced
impact for soft beds. From equation (4), a change in lc results in a change in the water flux
Qw, which will be important if water flow transitions from an e�cient to an ine�cient flow
(or the reverse). However, for hard beds, the entirely e�cient or ine�cient cases yield similar
results (Figure 9b). On the contrary, for soft beds, the di↵erence between the entirely e�cient
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or ine�cient cases is more pronounced (Figure 9b), and it follows that there is a stronger
dependence with respect to lc. For Qc and Ftill, the impact is limited. Finally, it can be noted
the spread in the results increase over a time. This figure and discussion have been added to
the additional appendix.

Line 143: Do you always assume turbulent flow in the model?

Yes, although one could argue that in practice the flow could also be laminar. In our manuscript,
we have chosen a turbulent parametrization for the Darcy’s flow equation; this fixes both the
exponents ↵ and �, as well as the value of the conductivity parameter K. In this way, we follow
the analysis of Schoof (2010) and Gowan et al. (2023).

However, we now discuss the possibility of having a laminar flow of water in the revised version
of our manuscript, together with relevant references from the hydrological literature, in partic-
ular Hill et al. (2023).

Lines 149-150: Is the opening by sliding over obstacles the same for hard and soft beds? It isn’t
clear from this sentence whether the model treats these the same or di↵erently, or if this means
that the physical interpretation is simply di↵erent.

We treat them similarly; this is now clarified in the revised manuscript, where we have written
the following : “The bed obstacles correspond to bed protrusions if the bed is hard, and to clasts
if the bed is soft, and our model treats these cases the same.”.

Lines 150-151: Why isn’t melt opening associated with both ine�cient and e�cient drainage
systems? Similarly to the previous comment, is this sentence purely commentary on physical
interpretation, or describing a coded switch in melt equations applied to di↵erent parts of the
model domain?

Physically, we associate melt opening with an e�cient drainage system, as this is the system
in which it will be the dominant term (as it is proportional to the water flux). However, in
general, opening can occur by di↵erent mechanisms; in our model we consider both opening by
melting and opening by sliding over bed protrusions. By default, both mechanisms (e�cient
and ine�cient) operate in our model, as both terms are included. In particular, there is no
switch between the two in the code.

However, for some simulations in the paper we considered either one of them to test the sensi-
tivity.

Lines 175-176: It would be helpful to justify the assumption that e↵ective pressure is “fairly
constant” far from the grounding line, perhaps with a plot either in the main text or in a sup-
plement or appendix. How far from the grounding line?

For the “fairly constant” assumption, we refer to our response to the comment of Lines 126-129.

Far from the grounding line, N ⇡ N1, while close to it, N ⇡ �0. As a first approximation,
the switch between the two regimes therefore appears when �0 ⇡ N1, which is consistent with
our equation (7). Numerically, for the simulations over Thwaites, this corresponds to a few
kilometers from the grounding line.

Equation 6: Are N1 and S1 the e↵ective pressure and conduit cross-sectional area far from
the grounding line? That’s what I infer, but they should be explicitly defined.

Yes, that is the case. This is now clarified in the revised manuscript: we introduce equation
(6) as follows: “In that case, we obtain algebraic equations for the e↵ective pressure and the
cross-sectional area far from the grounding line, N1 and S1:”.

Line 181: How close to the grounding line?
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This corresponds to the region where �0 ⇡ N1, which is typically a few kilometers from the
grounding line.

Section 2.2.3: How sensitive are results to these geometric assumptions (the relationships be-
tween L, H, and S, also the value of Ftill)? These are nicely explained here, but are still mostly
unconstrained by observations and are somewhat arbitrary, so it would be more thorough to
consider their influence on model results.

This is an important point. It is evident from our analysis that the results are very sensitive
to these geometric relations (as there is a large variability in the results when comparing hard
and soft beds; see e.g. Figures 5 and 9). Overall, this highlights the necessity for more data on
the bed rheology of the Antarctic ice sheet, as well as additional studies to compare this data
with the results of numerical models.

For the value of Ftill, we have taken Ftill > 1 because we physically expect a lower e↵ective
pressure for soft beds, compared to hard beds. We have added in the Appendix a sensitivity on
the choice of Ftill (Figure R3), and results suggest a relatively limited e↵ect.

Line 204: missing a period.

Corrected.

Line 207: How is the critical water flux value Qc selected?

We added the following sentence: “In our simulations, we took Qc = 1m3 s�1 which corresponds
to the scale of the water flux considered in Walder and Fowler (1994).”. This value is also of
the same order of magnitude as the value of the flux for which the regime transitions from an
e�cient regime (in which the sliding-over-protrusions opening term dominates) to an e�cient
regime (in which the melt-opening term dominates) for a hard bed (see Figure 5).

Its sensitivity is further gauged in the Appendix (Figure R3).

Line 209: I am curious as to how confident we can be in prescribing which regions are hard bed-
ded and which soft bedded, particularly as these can be highly heterogeneous spatially. Maybe
this is coming later in the application to Thwaites.

That is a good point and, actually, a motivation for our work. If our results were similar over
a hard, a soft, and a mixed bed, then the question of the bed type would not be particularly
important for ice-sheet simulations. But our results (which indeed are in the Thwaites section)
precisely show the opposite: the type of bed is a key parameter that strongly a↵ects ice flow,
together with the flow e�ciency. Nonetheless, the vast majority of hydrological models consider
water flow to take place over beds that are similar to what we describe as ‘hard beds’, with a
mix of cavities and channels (i.e., no canals). This suggests that: (i) ice-sheet models should be
able to incorporate water flow over both hard and soft beds and (ii) additional research e↵orts
should address the characterization of the bed, specifically for basins that are susceptible to be
retreating in the next centuries. Since the spatial distribution of hard and soft bed is poorly
known, our study advocates for the importance to improve observational constraints.

Line 226: Do you mean “entirely e�cient” (instead of “entirely e↵ective”)?

Yes – this is now corrected.

Line 229: Similarly, should this be “entirely ine�cient”?

Yes – this is now corrected too.

Line 229: It is not clearly justified why the dissipation term should be removed in the ine�cient
system. Is this based on similar earlier models that needed this for numerical stability? Is this
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necessary in your model formulation? I’m not convinced that it makes sense physically to ignore
the dissipative contribution to melt if you can help it.

We do not remove the dissipation term for a physical or numerical reason, but for a testing
purpose, to assess the sensitivity of the system with respect to its di↵erent opening mechanisms.

Note that by default, we consider both opening terms: the ‘ine�cient’ one, associated with
sliding over bed protrusions/clasts, and the ‘e�cient’ one, associated with melting. It is only in
our additional tests that we consider entirely e�cient and entirely ine�cient cases in which we
artificially remove one of the opening terms. We have slightly modified this paragraph so that
it is more clear (see response to your next comment).

Lines 225-230: This section about switches imposed in the model needs to be clarified. It’s
great to represent ine�cient and e�cient systems and systems that don’t fall cleanly into either
category. But it is not entirely clear from reading what the thresholds are for selecting di↵erent
forms of the equations. Are these manually set based on preference of the modeler and the
problem of interest? Or are there criteria that automatically trigger these switches?

We have modified the beginning of this paragraph as follows: “Besides soft, hard, and mixed
beds, we also consider entirely e�cient and ine�cient drainage systems to gauge the sensitivity
of both separately, independent of the subglacial water flux. By default, our model is such that
the subglacial system naturally transitions from one to another depending on the subglacial wa-
ter flux. This transition happens because the melting term, which is proportional to the water
flux, becomes dominant over the sliding term in the left-hand side of (5a) as the water flux
increases. To obtain an entirely e�cient system, the opening term associated with the sliding
over obstacles, kvbkhb, is removed from equation (5a), as well as from the parametrization (6a).
We also set Qc = 1, which guarantees that the conduit geometry is the one of an ine�cient
system for soft beds. To obtain an entirely ine�cient system, we remove the e�cient compo-
nent, Qwkr�k/⇢iLw, from (5b), together with the condition that Qc = 0.”

This should make it more clear that in the model, the ‘switch’ between the e�cient and ine�-
cient regimes is naturally included in the equations as a function of subglacial water flux.

Lines 237-238: It would be helpful to comment on why Weertman was selected as the sliding
law, and why a uniform value for the friction coe�cient, and why that value. (You have to
make some choices, just curious about the rationale behind these selections).

We have revised the section on model initialization, as we felt it was not clear enough. In
particular, it seemed to us that the initialization procedure would be easier to understand if it
were described in words rather than equations. Here is the new version:

“On this bed topography a marine ice sheet is developed with a spatial resolution of 500m, fol-
lowing the set-up described in the EXP1 of the MISMIP experiments (Pattyn et al., 2012, see
Figure 6a). The steady state obtained with these conditions is considered to be the ‘reference
state’.

In our experiments, we use a regularized Coulomb friction law combined with hydrological mod-
els, while the reference state has been obtained with a Weertman friction law. To guarantee that
the thickness and velocity fields obtained in the reference state are still compatible with a steady
state, we modify the friction coe�cient at each position, following the method of Brondex et al.
(2017, 2019). In practice, an iterative nudging method is used so that the basal friction matches
the basal friction obtained in the reference state. Here, the subglacial hydrologies are generated
with a uniform basal melt rate underneath the grounded ice sheet of ṁ/⇢w = 5 ⇥ 10�3ma�1,
which corresponds to the mean basal melt rate of the Antarctic ice sheet (Pattyn, 2010). By
construction, this method yields initial states that are steady states and in which both the geom-
etry and the velocity field are identical for each type of hydrology, allowing a direct comparison
between them. The initial ice-sheet e↵ective-pressure profiles are shown in Figure 6b.”
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In this new version, it should be more clear that the choice of a Weertman friction law to ob-
tain the reference state stems from the use of the standard MISMIP set-up (Pattyn et al., 2012).

Line 238: should be “upper boundary condition” (singular, not plural for grammatical agree-
ment).

Thanks for spotting this mistake. As we have changed the presentation of the initialization
method, it no longer appears.

Line 241: This is confusing about the spatially variable friction coe�cient used here, when it
was just stated in the previous paragraph that a uniform friction coe�cient was used.

We have revised the paragraph on the initialization method (see response to comment on Lines
237-238). We hope this information is now more clear.

Line 246: So did N change throughout the inversion here? A brief description of that would
help clarify this, i.e. what initial distribution of N was assumed, and how was it altered through
the iterative nudging process?

Yes, N is allowed to change during the inversion: it is updated at each iteration of the nudging
procedure. The initial e↵ective-pressure field is the one that is obtained from the model with
the initial guess for the sliding coe�cient. Note that in the revised version of this paragraph,
we have chosen not to include too many technical details about this procedure (i.e., not too
many equations), as it seemed to us that these might be rather confusing to the reader.

Line 257: Some observations have suggested low e↵ective pressure in the interior. Can you
comment on this here or elsewhere?

Indeed, and this is why we think (and demonstrate) that the HAB parameterization that is
widely used in ice sheet models, fails. In the discussion section we mention that our results are
qualitatively similar to those of Hager et al. (2022) for hard beds.

Line 263: This statement about the default switch between e�cient and ine�cient drainage
equations would be helpful to include above (see comment about Lines 225-230).

We have included this statement in the paragraph of Lines 225-230.

Line 279: With what size time step is the ice sheet model run for 20,000 years? Is the hydrology
model also run for 20,000 years?

The time step for the idealized simulations is 5 years, while for the Thwaites experiments it is
0.05 years. These time steps are now explicitly mentioned in the text.

The question of the time step of the hydrological model is an important one. This is explained
in more details in the Appendix C. The key result is that the hydrological model should be
updated at a frequency that is at least of the same order as the one used for the ice-sheet model
(i.e., with a time step that it smaller to or similar to the one used by the ice-sheet model).

Line 280: It would be helpful to include a brief reminder of how the hydrology and ice sheet
models are coupled here.

We have added the following sentence here: “The hydrological model is updated at each time
step (see also Appendix C).”.

Figure 7: Why is the sliding velocity for entirely ine�cient not included in panel c? It would
also be useful to plot the e↵ective pressure response for entirely e�cient and entirely ine�cient
in panel b to help strengthen your points about the importance of the switching behavior.

Following your suggestion, we have added the sliding velocity for the entirely-ine�cient case in
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panel (c), as well as the e↵ective pressures corresponding to the entirely-e�cient and entirely-
ine�cient case in panel (b).

Lines 341-342: What is the criterion to be considered a collapse?

We have precised what we meant by ‘collapse’ by modifying the Line 336, which is the first
time this word appears, to the following: “This is in line with large-scale model experiments
(Coulon et al., 2023) showing that Thwaites Glacier may collapse, i.e., that it will continue to
retreat at an accelerated rate even if the forcing is completely stopped, under present-day climatic
conditions on time scales of several centuries”.

Sections 4.1-4.3: The structure of this section needs some improvement. The titles of 4.2 and
4.3 may be renamed to make clear that the first section is the experimental description for
Thwaites, and the second and third sections are presenting results. I was a bit confused by
this structure while reading. The information about the threshold for hard-to-soft transition
in line 328 seems to be repeated in line 352. We also seem to be missing information in the
experimental setup on Thwaites about model resolution(s) and time step size(s), which would
be interesting to know.

We now make it clear that subsections 4.2 and 4.3 correspond to results – we have renamed
these “Results: subglacial hydrology on homogeneous beds” and “Results: subglacial hydrology
on heterogeneous beds”, respectively. We also clarified that the limit in line 352 is a repetition
of the one in line 328, so that it is clear to the reader that it is not an oversight and that we are
simply repeating this information for clarity. We now also mention the resolution (2 km) and
the time step (0.05 years).

Discussion: I recommend separating this into some subsections with corresponding headings.

Thanks for the suggestion. We have followed it; it also seemed to us that the Discussion
section was rather long and could benefit from further structuring. It is now divided in three
subsections:

1. Influence of subglacial conditions

2. Hydrological feedback

3. Model limitations

Tables A1 and A2 could be combined into a single table.

Agreed. However, we have chosen to use two di↵erent tables: by separating the Greek and
Latin alphabets, we are able to obtain a table that is no longer than one page. If we put them
together, we would get a table that would extend over two pages.

References

Bradley, A. T. and Hewitt, I. J. (2024). Tipping point in ice-sheet grounding-zone melting due
to ocean water intrusion. Nature Geoscience.

Brondex, J., Gagliardini, O., Gillet-Chaulet, F., and Durand, G. (2017). Sensitivity of grounding
line dynamics to the choice of the friction law. Journal of Glaciology, 63(241):854–866.

Brondex, J., Gillet-Chaulet, F., and Gagliardini, O. (2019). Sensitivity of centennial mass loss
projections of the Amundsen basin to the friction law. The Cryosphere, 13(1):177–195.

Coulon, V., Klose, A. K., Kittel, C., Edwards, T., Turner, F., Winkelmann, R., and Pattyn,
F. (2023). Disentangling the drivers of future antarctic ice loss with a historically-calibrated
ice-sheet model. EGUsphere, 2023:1–42.

11



Drews, R., Pattyn, F., Hewitt, I. J., Ng, F. S. L., Berger, S., Matsuoka, K., Helm, V., Bergeot,
N., Favier, L., and Neckel, N. (2017). Actively evolving subglacial conduits and eskers initiate
ice shelf channels at an antarctic grounding line. Nature Communications, 8(1).

Gowan, E. J., Hinck, S., Niu, L., Clason, C., and Lohmann, G. (2023). The impact of spatially
varying ice sheet basal conditions on sliding at glacial time scales. Journal of Glaciology,
69(276):1056–1070.

Hager, A. O., Ho↵man, M. J., Price, S. F., and Schroeder, D. M. (2022). Persistent, exten-
sive channelized drainage modeled beneath Thwaites Glacier, West Antarctica. Cryosphere,
16(9):3575–3599.

Hewitt, I. J. (2011). Modelling distributed and channelized subglacial drainage: the spacing of
channels. Journal of Glaciology, 57(202):302–314.

Hill, T., Flowers, G. E., Ho↵man, M. J., Bingham, D., and Werder, M. A. (2023). Improved
representation of laminar and turbulent sheet flow in subglacial drainage models. Journal of
Glaciology, page 1–14.

Ho↵man, M. J., Perego, M., Price, S. F., Lipscomb, W. H., Zhang, T., Jacobsen, D., Tezaur,
I., Salinger, A. G., Tuminaro, R., and Bertagna, L. (2018). MPAS-Albany land ice (MALI):
a variable-resolution ice sheet model for earth system modeling using voronoi grids. Geosci.
Model Dev., 11(9):3747–3780.

Kazmierczak, E., Sun, S., Coulon, V., and Pattyn, F. (2022). Subglacial hydrology modu-
lates basal sliding response of the antarctic ice sheet to climate forcing. The Cryosphere,
16(10):4537–4552.

Le Brocq, A., Payne, A., Siegert, M., and Alley, R. (2009). A subglacial water-flow model for
West Antarctica. Journal of Glaciology, 55(193):879–888.

Lu, G. and Kingslake, J. (2023). Coupling between ice flow and subglacial hydrology enhances
marine ice-sheet retreat. EGUsphere [preprint].

Pattyn, F. (2010). Antarctic subglacial conditions inferred from a hybrid ice sheet/ice stream
model. Earth and Planetary Science Letters, 295(3–4):451–461.

Pattyn, F., Schoof, C., Perichon, L., Hindmarsh, R. C. A., Bueler, E., de Fleurian, B., Durand,
G., Gagliardini, O., Gladstone, R., Goldberg, D., Gudmundsson, G. H., Huybrechts, P.,
Lee, V., Nick, F. M., Payne, A. J., Pollard, D., Rybak, O., Saito, F., and Vieli, A. (2012).
Results of the Marine Ice Sheet Model Intercomparison Project, MISMIP. The Cryosphere,
6(3):573–588.

Rignot, E., Cirac̀ı, E., Scheuchl, B., Tolpekin, V., Wollersheim, M., and Dow, C. (2024).
Widespread seawater intrusions beneath the grounded ice of Thwaites Glacier, West Antarc-
tica. Proceedings of the National Academy of Sciences, 121(22).

Schoof, C. (2010). Ice-sheet acceleration driven by melt supply variability. Nature,
468(7325):803–806.

Seroussi, H. and Morlighem, M. (2018). Representation of basal melting at the grounding line
in ice flow models. The Cryosphere, 12(10):3085–3096.

Sommers, A., Rajaram, H., and Morlighem, M. (2018). SHAKTI: Subglacial Hydrology and
Kinetic, Transient Interactions v1.0. Geoscientific Model Development, 11(7):2955–2974.

Storrar, R. D., Stokes, C. R., and Evans, D. J. (2014). Morphometry and pattern of a large
sample (>20, 000) of Canadian eskers and implications for subglacial drainage beneath ice
sheets. Quaternary Science Reviews, 105:1–25.

12



Walder, J. S. and Fowler, A. (1994). Channelized subglacial drainage over a deformable bed.
Journal of Glaciology, 40(134):3–15.

13



Response to Referee 3 on “A fast and unified subglacial hydrological model applied
to Thwaites Glacier, Antarctica” by Kazmierczak, Gregov, Coulon & Pattyn.

Dear Referee,

We would like to thank you for the time you have spent reading our paper, and for your com-
ments on it. Your questions should help us to clarify certain points and improve our paper.

You will find below, in blue, our responses to your comments.

Best regards,

On behalf of the authors,
Thomas Gregov

Response to the Referee’s comments

In this paper, the authors present a novel subglacial hydrology model that includes e�cient and
ine�cient drainage systems on bed rheologies that range continuously from soft to hard. The
model can be run on the same spatial scales as ice flow, which makes the model computationally
e�cient. The model is applied to Thwaites Glacier in Antarctica and the response to present day
climate forcings is analyzed for hard, soft, and mixed beds for e�cient and ine�cient drainage
systems.

I think the development of a model with these capabilities is an exciting and important step
in modeling coupled ice flow and subglacial hydrology on the ice sheet scale. There are a few
things that I believe should be clarified and adapted in the writing before publication.

We would like to thank you for your encouraging comment. You will find the responses to your
remarks hereafter.

General comments:

Although assuming hydrologic equilibrium are most likely appropriate for Antarctica, it should
be made clear that this model would not be appropriate for modeling places with more highly
variable water fluxes such as mountain glaciers or the Greenland ice sheet (or at least the
margins) where the subglacial hydrological system is often not in equilibrium due to external
meltwater input which varies on much shorter timescales than changes in ice geometry.

Indeed, our model is clearly primarily meant for Antarctica. To clarify this, we have made the
following changes to the manuscript:

• The title has been changed to “A fast, simplified, and unified subglacial hydrological model
for the Antarctic ice sheet and outlet glaciers”.

• We have modified the Model section in order to highlight the key assumptions of our
model. It is now structured as follows:

1. Ice-flow model

2. Hydrological model

2.1. Simplifying assumptions
2.2. Subglacial water routing
2.3. Subglacial e↵ective pressure
2.4. Bed rheology

The additional subsection, ‘Simplifying assumptions’, should clarify our hypotheses. In it,
we specify that the equilibrium assumption is based on the study of subglacial hydrology in
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Antarctica (Le Brocq et al., 2009; Pattyn, 2010; Kazmierczak et al., 2022), where there is
limited surface water infiltration. Thus, changes in hydrology are primarily due to changes
in ice geometry. Since the time scales associated with water flow are much smaller than
those associated with ice flow, subglacial hydrology automatically adapts to any change
in ice geometry and reaches the associated equilibrium.

In this additional subsection, we also discuss the simplification of the hydraulic gradient
(the assumption that krNk ⌧ kr�0k far from the grounding line, so that r� ⇡ r�0

in that region), and the conduits distribution (uniform drainage density with no sub-grid
resolution).

There could be an argument that this model could be applied to the Greenland Ice Sheet on
long timescales (that neglect short term changes resulting from subglacial hydrology), but this
would need to be thoroughly addressed and justified. Add to the abstract and conclusion that
this model is appropriate for modeling subglacial hydrology where changes in water flux are
on the same timescales as changes in ice geometry. Does the thermomechanical ice flow model
determine where there is basal melting? If so, does this evolve in time? How is water routed
through areas with a frozen bed? Is there refreezing? Elaborate more on this, perhaps in section
2.1.

We agree with the referee that the current model cannot be applied to the Greenland ice sheet,
since short-time variations in meltwater supply and subglacial water pressure are important and
neglected in the current description. As mentioned in the previous response, we have modified
the title and added a new subsection to highlight this assumption and its range of validity.

The thermomechanical ice flow determines where basal melting occurs and these regions may
evolve over time (Pattyn, 2017). In our idealized simulations, the bed is entirely temperate,
and for our simulations over Thwaites, the vast majority of the domain is also temperate, since
the geothermal heat flow underneath the West Antarctic ice sheet is rather high and most of
the bed remains temperate.

There are a few places in the manuscript where references are made to literature with dif-
ferent timescales and rates of change being discussed than in this paper. In this model, the
assumptions around hydrologic equilibrium (melting balances closure in Eq. 5b) imply that the
changes in time in the subglacial hydrologic system are small enough to neglect (dS/dt = 0).
However, the manuscript contains references to Schoof (2010) and Iken (1981) which are specif-
ically referring to when dS/dt is not zero. In line 267, there is a reference to Schoof (2010) and
the importance of the meltwater variability rather than meltwater input, but these processes
are time-dependent changes that occur on timescales of hours to days, at most months. From
Schoof (2010), “Further acceleration must then be driven instead by short-term temporal
variability in water supply.” In this model, it is assumed to be in steady state which means
that these short term increases in water pressure due to varying water flux on short timescales
that result in conduit growth are inherently neglected. The same is true for the reference in line
292 in the manuscript, which I believe is referring to the following statement in Iken (1981).
“It has been seen that the e↵ect of a water pressure pw on the sliding velocity is largest at the
instant of separation and then gradually decreases until steady cavities have formed.” This
is again talking about when the system is not in steady state, unlike the model presented here.
To be clear, I think the assumption of steady-state is reasonable given the context of Antarc-
tica, where changes in water flux occur on long-timescales, but these references and associated
statements (specifically noted in the line-by-line comments) are not applicable in this context.

It is true that the assumptions in Schoof (2010) apply to the Greenland ice sheet, with, in
particular, a strong melt supply variability. Here our model fails to cope with such changes.
However, an important aspect of that paper is the ability of water channelization to slow down
the ice. Fundamentally, this channelization mechanism is linked to the form of the Q�N curve,
and is more specifically due to the fact that @N/@Q > 0 for channels. While the hydrological
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system in our manuscript is considered at equilibrium, it does evolve with respect to the ice-sheet
geometry. Nevertheless, we have removed the reference to Schoof (2010) on Line 267; we agree
that it was misleading as it was associated with shorter time scales.

Moreover, the comparison with Iken (1981) remains in our opinion legitimate: while the hydro-
logical system is assumed to be at equilibrium at each time, this does not exclude its evolution
over time. In particular, cavities are allowed to grow over time, provided the hydrological sys-
tem stays in quasi-static equilibrium with respect to the ice-sheet geometry.

Line-by-line comments:

Line 5: This is worded strangely. Perhaps, “We find that accounting for subglacial hydrology
in the sliding law accelerates the grounding line retreat of Thwaites Glacier under present-day
climatic conditions.” or something similar.

Thanks for your suggestion, which has been corrected accordingly.

Line 13: ‘behavior’ since using American spelling elsewhere.

Corrected.

Fig 1. Figure could be made part of Fig. 9 or moved to before Fig. 9, but I don’t feel strongly
about this.

Following your suggestion, we have included this figure as an inset of Figure 9.

Line 71: introduce variable before introducing product of variables “... N is the e↵ective pres-
sure, C is a friction coe�cient limiting the shear stress to a maximum plastic value CN , ...”

Corrected.

Line 90: Replace “that is much smaller than the global one” with “ that is on the order of
meters” or what the scale actually is.

We have modified this sentence to the following: “We define two spatial scales: a global scale,
which is the same as the one used for the ice-sheet model and that is typically of the order of
kilometers, and a local scale, associated with a water conduit, and that is much smaller than
the global one; observations suggest that channels are meters to at most a few hundreds meters
wide, that maximal width being reached close to the grounding line (Drews et al., 2017).”.

Line 93: The term ‘conduit’ may be confusing, as it is often synonymous with channels and
e�cient drainage in the subglacial hydrology literature. Although, I don’t have a better sug-
gestion...

We are not entirely happy with this word either, but we could not find a better alternative.
However, we now emphasize that it is not synonymous with channels. Specifically, we have
added at Line 96 the following sentence: “In particular, we do not use ‘conduit’ as a synonym
for ‘channel’, as a conduit can correspond to other types of hydrological elements.”.

Lines 105-106: Bueler and van Pelt (2015) ran the model e�ciently on the Greenland ice sheet,
but these statements are generally true.

It is true that the implementation described in Bueler and van Pelt (2015) is computationally
e�cient, as it has been optimized for large-scale simulations. However, it represents a significant
computational cost when the subglacial hydrology is coupled to the ice flow, since the equations
described in Bueler and van Pelt (2015) take the form of coupled PDEs.

On the contrary, our model is computationally cheap, as the hydrological model boils down to
one simple algebraic expression (Equation 7) that does not require the solution to a di↵erential
equation.
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Therefore, we have added a sentence at the end of the paragraph: “Finally, due to their high
spatial and temporal resolution they are often computationally demanding. The latter may limit
their application to drainage basins or single glaciers on time scales of a few years. However,
our model is computationally cheap, with the computational time associated with the subglacial
hydrology calculation representing only a small fraction of the computational time associated
with the ice-sheet model. This allows us to study the impact of subglacial hydrology on ice
dynamics on a large scale and at a limited computational cost, while at the same time keeping
the essential features of complex subglacial hydrology models.”.

Line 111: Elaborate on what these conditions are. “This domain evolves over time according
to internal and external conditions.”

We have modified this sentence to the following: “This domain evolves over time according to
both internal conditions (e.g., changes in ice velocity) and external conditions (e.g., changes in
sub-shelf melt).”.

Eq 3: Lw is confusing with L being the length of conduit. Use cursive L or something else to
denote latent heat.

We changed Lw to Lw to avoid any confusion.

Line 120-123: This assumption is only reasonable in Antarctica and locations where changes in
water flux are only through changes in ice geometry which happen on long time scales. Make
this more clear in the text.

We have modified the title of the paper to “A fast, simplified, and unified subglacial hydrological
model for the Antarctic ice sheet and outlet glaciers”. Furthermore, the hydrological model
description (subsection 2.2) now starts with a discussion of the simplifying assumptions, in
particular this steady-state hypothesis.

Line 128: Delete “anticipating what follows”.

The assumption that r� ⇡ r�0 far from the grounding line is now explicitly described in the
additional subsection ‘Simplifying assumption’ of the Model section. Hence, we have removed
this statement.

Fig 4: This is how the channel might look in theory. In the caption of Fig 4, it should also
be stated that this is what you are trying to capture and not the actual geometry you have
described in your model (which is square channel?).

Indeed, the conduits shown in Figure 4 are schematics. We do not make a distinction between a
square and circular channel. This is why we write ‘L ⇠ H’, in the scaling of Table 1: the width
of the channel is similar to its height, but there could be a O(1) factor here. In other words,
what matters is the functional relation, i.e., that L increases linearly with H. In a second step,
we prescribe the relation between L and H through H =

p
S, which is the exact solution for

a square channel, but approximates a circular channel as well, given all other uncertainties in
our approach.

Line 220-224: Elaborate on how this relates to theory and observations. Are your model results
what we expect for these cases?

This role of this paragraph is to provide an intuitive explanation behind the divergence between
the hard-bed and soft-bed trends for e�cient systems as shown in Figure 5. It can indeed be
observed on this figure that for large water flux values, the e↵ective pressure is an increasing
function of the water flux for hard beds (i.e., for channels), while it is a decreasing function of
the water flux for soft beds (i.e., for canals). To provide this explanation, we solely rely on the
theory, i.e., on the equation (5b).
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We agree with the Referee that a comparison with observations would be most welcome. How-
ever, such observations are still fairly limited for Antarctica. Nevertheless, there exists in-
teresting studies in the recent literature that aim at validating hydrological models against
observational data, e.g., Hager et al. (2022), which we refer to in our Discussion section. Over-
all, and as mentioned in the conclusion of our paper, it is clear that further research should
address this comparison between numerical results and observations.

Fig 5:

Wouldn’t we expect much higher e↵ective pressures for that high of water flux in an e�cient
system? Or is this because it is the average of e↵ective pressure over a larger scale than the
channel? This could be made more clear either in the text or in the figure caption. On first
glance at the figure, I find this result surprising.

We agree with the Referee that this result might be surprising. However, two reasons may
eventually explain this behavior:

• The plot has been made based on standard values for A, kvbk, and kr�0k, whose values
are mentioned in the caption. However, the e↵ective pressure depends quite strongly on
those variables (specifically, it depends quite significantly on kr�0k), so modifying these
values can lead to both larger and lower values, respectively, in terms of the e↵ective
pressure N1 far from the grounding line.

• For large flux values, N1 is an increasing function of the flux, but the growth is rather

slow: we have N1 / Q
1�1/↵
w . For ↵ = 5/4, this yields N1 / Q

1/5
w .

On a related note, do you ever observe this high of water fluxes in channels far from the ground-
ing line in the model? How exactly is the water fluxes on the local scale in the e�cient system
related to the e↵ective pressure which is an average over a larger area presumably?

We do not observe water fluxes in our results that are that important, especially far from the
grounding line. The maximum water fluxes that we observe are of the order of a few tens of
cubic meters per second, and these are obtained close to the grounding line (see Figure S1(d)
in the supplementary materials). However, one should realize that our subglacial water routing
is of course an approximation of the real subglacial system and we may not necessarily capture
all the details of that system.

Again, the plot shown in Figure 5 is obtained for specific values of several parameters, so the
e↵ective pressure value could deviate from it, especially if the gradient in the geometric poten-
tial, kr�0k, varies spatially.

In our model, we do not explicitly compute a spatial average of the e↵ective pressure within each
grid cell. Once the volumetric water flux Qw has been obtained, the value for the e↵ective pres-
sure is computed, using equation (7). This value for the e↵ective pressure is the one that is sent
back to the ice-sheet code. The fact that we do not compute explicitly the spatial distribution
of the e↵ective pressure within in each grid cell is an inherent limitation of our model. There is
no simple way to avoid it, as we explicitly do not want to resolve the dynamics at a sub-grid scale.

To make this limitation more clear, it is now explicitly mentioned in the additional ‘Simplifying
assumption’ subsection which is at the beginning of the Model section. This limitation is also
briefly mentioned in the Discussion section (“Our subglacial hydrology models do not include
variations of e↵ective pressure below the resolution of the ice-sheet discretization. This is a clear
limitation, as we have shown that the spatial variability plays an important role in the numerical
experiments.”). Nonetheless, we have improved the structure of the Discussion section, which
is now divided in three subsections:

1. Influence of subglacial conditions

2. Hydrological feedback
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3. Model limitations

This should help to highlight the limitations of the model.

On what scale are these calculated?

The e↵ective pressure is computed using equation (7), and the value obtained is sent back to
the ice-sheet code. The Thwaites simulations are done with a 2 km uniform resolution.

Line 226-229: You mean e�cient/ine�cient, not e↵ective/ine↵ective. The system still trans-
ports water, so it isn’t ine↵ective. It just doesn’t transport it e�ciently.

Corrected.

A discussion about how e↵ective pressure behavior di↵ers near the grounding line and far from
the grounding line would be helpful.

This is explained a bit earlier in the text (around Lines 181-187).

Line 236: Does this mean the whole bed is temperate in this experiment since melting is uniform?

Yes, the whole bed is assumed to be temperate.

Fig 6b. Why does the e↵ective pressure go down by 2 MPa in both the soft and hard bed cases
at x = 0?

This comes from the fact that for low water flux values, the e↵ective pressures in hard-bed and
soft-bed systems are similar (see, e.g., Figure 5). Because there is a uniform melt supply, the
subglacial water flux increases linearly with x. In particular, close to x = 0, it is very small
so that we are indeed in an ine�cient regime in which hard and soft beds leads to similar results.

The value observed at x = 0 (around 2MPa) is a result of the sampling used for the display of
the plot, the discretization error in the numerical simulation, and the way vb behaves near the
origin. Close to x = 0, the water flux is rather small, so that the hydrological system is in an
ine�cient regime, with an e↵ective pressure given by:

N =

✓
kvbkhb

2n�nAS1

◆ 1
n
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which is the particularization of equation (7) for an ine�cient regime. Here, we have considered
hard beds, soft beds being very similar (the only di↵erence is that there is an additional factor
Ftill, but this does not change the reasoning).

As x ! 0, both Qw and kvbk go towards zero because both quantities must vanish at that
position (these are prescribed boundary conditions). Therefore, the value taken by N depends
on the way both quantities converge towards zero, i.e., how fast they do so. The flux Qw

depends on linearly with respect to x as the melt rate is uniform. Hence, the value taken by N

depends on the way kvbk goes towards zero. It seems to us that it does so with a rate that is
at least linear, which would suggest that N ! 0 as x ! 0. As N reaches a small but non-zero
value, we speculate that this di↵erence comes from either the sampling used to display the plot,
or numerical errors in the simulations. Note that the value taken by N at this position is not
really important for our simulations as those are focused around grounding-line dynamics.

Fig 7: Are the light pink and red areas in (a)-(c) related to the colors in (d)? If so, it is not
clear how. Add something to the caption about this (or remove from the background?).
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Yes, they are related. We now mention in the caption that the light pink (resp. dark pink)
areas in the background of the sub-figures (b), (c), and (d) correspond to regions in which the
e�cient/ine�cient system is an ine�cient (resp. e�cient) regime.

Fig. 9a: It would be helpful to have a sense of scale in the 2D either by adding a scale bar or axis.

Indeed, thanks for the suggestion. We have added a scale bar.

Line 267: This does not apply on the timescales you are analyzing. The theory from Schoof
(2010) on meltwater variability is referring to time-dependent changes that occur on timescales
of hours to days, at most months. In this model, it is assumed to be in steady state which
means that these short term increases in water pressure due to varying water flux are inher-
ently neglected.

We have removed this reference to Schoof (2010).

Line 282: What do you mean by “the latter”. If referring to a smaller ice sheet results in
grounding line retreat, replace “the latter” with “consequently” or similar. Both slower veloci-
ties and a smaller ice sheet can result in grounding line retreat.

We were referring to the applied perturbation, i.e., the reduction in surface accumulation. To
make it more clear, we have therefore replaced this sentence by the following: “This reduction
also results in a slight grounding-line retreat (NON in Figure 7).”.

Line 318: This is not a unit of mass, but a unit of length. Rephrase to say something like,
”Note that the mass loss for the NON experiment results in sea level rise on the order of 10
mm by 2100...”

Corrected.

Line 341: All of the models result in the collapse of Thwaites within how many years?

This depends on the subglacial hydrology considered but all models lead to a collapse before
2500. These collapses are displayed in the supplementary videos of our manuscript.

Line 392: As mentioned before, I have questions about how the assumption of steady state
allows you to relate to the time variability of other work such as in the comment that follows.
“This observation aligns with the work of Iken (1981), specifying that the highest velocities
is not observed where e↵ective pressures is lowest, but rather when cavities enlarge due to an
increase in subglacial water pressure.” I think this statement should be removed.

As mentioned in our response to your general comment, it seems to us that this comparison
can be included as our model allows cavities to evolve over time, the hydrological system being
in a quasi-static equilibrium with respect to the ice-sheet configuration which itself evolve over
time.

Line 396: How does a lower e↵ective pressure in the soft bed system slow down grounding line
retreat? Maybe I am missing something.

When the grounding line retreats in the region where the drainage system is ine�cient, it tends
to slow down as the region near the grounding line experiences an e↵ective pressure that is
larger to the one it was previously experiencing. This is because of the form of the relation
between the e↵ective pressure and the water flux in an ine�cient system: @N/@Q < 0 for such
a system (see Figure 5).

Because the e↵ective pressure in an ine�cient system for a soft bed is slightly inferior to that
of a hard bed (thanks to the parameter Ftill > 1), this increase in e↵ective pressure experienced
by the region close to the grounding line is reduced. As a consequence, this slows down the
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grounding-line retreat.

Line 434: add “(retrograde)”.

Done.

Line 440: “(prograde)”.

Done.

Line 465: add ‘considering’ or ‘modeling’ so that it reads “considering subglacial hydrology
enhances the ice-sheet response to sliding”.

Corrected; we now write “considering subglacial hydrology enhances the ice-sheet response to
sliding”.

Line 467: This reference to Schoof (2010) is appropriate.

Ok.

Line 470: Making the connection to changes when the system is explicitly not in steady state
(“when basal cavities are growing”) does not make sense here since you assume steady state
and therefore neglect time-dependent changes in cavity growth.

Cavities are allowed to grow in our hydrological model. As mentioned in our response to the
Referee’s general comment, we have added an additional subsection in the Model section, called
‘Simplifying assumptions’, that aims at describing the assumptions more explicitly, and prior to
the actual model description. In it, we emphasize that, because we assume that it is assumed
that there is limited melt variability, we consider that the water flow is in a quasi-static equilib-
rium with respect to the ice-sheet geometry. In other words, the hydrological system is assumed
to automatically adapt to each change in the ice-sheet geometry, reaching the corresponding
equilibrium position.

We hope that this clarifies the assumptions made in our model, and the our reference to evolving
cavities.
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