Response to reviewer 1 (Alexander Robel)

M. Haseloff, 1. J. Hewitt, R. F. Katz

May 19, 2025

We thank the reviewer for their thoughtful and constructive review. In this document, reviewer text
is in black and our response to it is in blue. Manuscript text is in italics, with original text in black
and changes in red.

This is a review of the manuscript “Subglacial hydrology regulates oscillations in marine ice
streams” by Haseloff et al. for publication in The Cryosphere, prepared by Alexander Robel. This
paper describes a 1D model and corresponding results on the coupled variability of marine ice stream
flow and subglacial hydrology. It extends prior work by myself and others, considering water flow
within subglacial hydrological systems which leads to the emergence of more rapid surge-like ice flow
variability in realistic parameter regimes that may help to address certain shortcomings of past mod-
els. I think the manuscript is overall well written and the scientific results are robust and thoughtfully
laid out. I see no barrier to publication of this in The Cryosphere after some minor revisions.

Conceptual suggestions:

a) I think perhaps one of the more underplayed implications of the results is that the model pro-
duces variability at multi-centennial time scales at values of till hydraulic conductivity that may
reasonably be expected to occur in reality. Prior models (i.e., Robel et al. 2013, 2014) which
do not include subglacial water flow cannot produce ice stream flow oscillations on time scales
less than 900 years or so. The best observations we have of ice stream flow variability in the
present day (or at least the late holocene) is the Siple Coast, where most evidence points to
periodicity in stagnation-activation cycles of 300-500 years. So, this is a very exciting result
since it may resolve this issue. It would be worth spending more time on this in the discussion,
and also comparing to the results of Mantelli et al. 2016 which is able to produce quasi-periodic
variability at similar time-scales by forcing the system with stochastic climate noise.

The following paragraph has been added to the discussion about ice stream variability, section
4.1:

Observations suggest that the Siple Coast ice streams show temporal variability on timescales of
300 to 500 years (e.g., Retzlaff and Bentley, 1993; Hulbe and Fahnestock, 2007; Catania et al.,
2012). While previous models have been able to reproduce stagnation and activation cycles,
the period of oscillations in these models is generally on the order of 1000 yrs or longer (e.g.,
MacAyeal, 1989; Robel et al., 2013, 2014). Here, we illustrate that more frequent oscillations
might be modulated by subglacial hydrology.

The following has been added to the discussion about model limitations, section 4.4:
More generally, where marine ice streams are in contact with stochastically-varying ocean and
atmospheric conditions, their dynamics can significantly diverge from purely deterministic results

(e.g., Mantelli et al., 2016; Robel et al., 2018; Christian et al., 2022; Sergienko and Haseloff,
2023).

b) I think you a being too non-committal on the question of what K, is in reality. On line 298, you
say “these values are not straightforwardly transferable to the values of K; used here. These
values do not take the formation of subglacial conduits into account.” But you basically have
reasonable values for the case where flow occurs entirely through microporous till (K small limit)



and where channelization may enhance these values (K intermediate to large). Other studies
(Warburton et al., 2020) besides those that you have cited indicate that till under shear in W.
Antarctica may have these higher conductivities (without specific evidence for channelization).
You should translate these to Kappa in the discussion in 4.3 so readers can understand what
these till values mean in the context of your prior results. Ultimately, the strength of these
results will rest on whether the reader understands the conditions under which they can be
applied to reality, even if uncertainty remains in what exact parameter values are.

Excellent point. We have rewritten the discussion on ice stream hydrology in the following way:

Given the control that effective conductivity of the bed exerts on ice stream dynamics, determining
appropriate parameterizations of the effective hydraulic conductivity is crucial. The existence of
subglacial till beneath parts of West Antarctica is well established (Blankenship et al., 1986,
1987; Alley et al., 1986; Alley et al., 1987; Peters et al., 2006; Schroeder et al., 2014). Based on
these observations, Walder and Fowler (1994) and Ng (2000) propose the ezistence of subglacial
canals partially eroded into the bed and ice. In settings typical for ice streams, the dynamics of
these conduits mimic those typical for distributed subglacial systems where the effective pressure

decreases with increasing water discharge. Estimates—of—-hydranlic—conduetivity—oftiH—vary

qualitative behaviour as Walder and Fowler (1994), we model subglacial water flow following a
Darcian-style description (e.g., Hewitt, 2011; Flowers, 2015) with Kq g the effective hydraulic
conductivity. In our model, k = 1 corresponds to K3 = 3 x 107* m s~! and at N = 100 kPa
we get Kq ey = KqgN./N = 6 X 1073 m s~'. This is consistent with in-situ measurements of
the hydraulic conductivity at the base of Whillans Ice stream, where a minimum of K = (0.5 to
1.4) x 1072 m s~ ! has been estimated (Engelhardt and Kamb, 1997).

However, such high hydraulic conductivities are inconsistent with subglacial water flow within
the wvoid space of the till alone. For example, for subglacial tills derived from Whillans ice
stream, Leeman et al. (2016) find conductivities around 10712 m s=1. Measurements in the field
report values around 2 x 1072 m s~ (Engelhardt et al., 1990). Moreover, the Kozeny-Carman
relationship K o €3/(1 + e) is typically used for flow of water in the void space e of sediment
(e.g., Lambe and Whitman, 1991). When combined with the measured dependence of the void
ratio on effective pressure (9), a different dependence of K on N arises than what we assumed
here. This might also alter the ice stream dynamics. In our hydraulically-controlled oscillations,
the increase of drainage efficiency with lower N causes the termination of the fast flow phase, as
more water is evacuated as the bed becomes more lubricated. In the Kozeny—Carman relationship,
the dependence on N is weaker than in our model, which might not permit the dynamics seen
here.

Assuming that intermediate k are representative for West Antarctic ice stream dynamics, alter-
native pathways must facilitate a more efficient water transport. Engelhardt and Kamb (1997)
suggest that a distributed system of sediment-incised canals, as proposed by Walder and Fowler
(1994) is most compatible with their observations. Between these canals, water might flow in a
thin film at the ice bed-interface, rather than in the subglacial sediment, further enhancing the
hydraulic conductivity (Creyts and Schoof, 2009).
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For high water discharge conditions, it is plausible that a transition from distributed to chan-
nelised drainage might occur (Walder and Fowler, 1994; Réthlisberger, 1972; Hager et al., 2022;
Dow et al., 2022). Under these conditions, we expect the net discharge to increases with effective

pressure, rather than decreases. Sueh—a—seenario—eould-oceur—in—a-highly—channelised-subglactal
drainage—system—(Rothlisberger—1972)-  In Greenland, where abundant surface meltwater can

drain to the bed, increasing channelisation leads to a strengthening of the bed at the end of the
melt season (Schoof, 2010; Bartholomew et al., 2012). We would also expect the conductivity
to wary locally, so that we interpret Kq g as an effective hydraulic conductivity, averaged over
spatial scales resolvable in ice sheet models.

I see that there is some discussion of the numerics in the appendix, but it would be useful
to summarize in the model description sections how the equations are discretized and solved
(seemingly some large nonlinear solve in Petsc). Particularly because activation/surge-type
behavior in models is notoriously resolution dependent and you do reference the computational
intensity of these simulations in your discussion.

The section describing the model has been extended in the following way:

The model is implemented in PETSc (Balay et al., 2023 )using—finite—differences—on—a—fized
staggered—grid—with—an—implicittime-step. PETSc’s SNES library for solution of nonlinear sys-

tems of algebraic equations is used to solve individual equations. The equation for momentum
balance (2) and subglacial drainage (4)-(9) are discretised using conservative finite differences
with implicit timesteps (Katz et al., 2007). The equation for mass balance (1) is discretised with
a third-order upwind scheme. We also use a linear subgrid interpolation at the grounding line
(Pattyn, 2003).

At each timestep, we use a segregated loop to solve our model. That is, the equations for mass
balance (H ), momentum balance (u), and subglacial water content (hs and hy,) are solved in three
independent steps. To ensure that the combined solution at the current timestep is converged,
the steps are iterated using a Picard scheme until convergence is achieved. That s, at each
timestep t; we calculate u(t}), H(t}, x), hs(t}, ) and hy(t},x) in the first iteration and use
these to continue to calculate u(t?,x), H(t?,x), etc until further iteration does mot alter the
solution at the current timestep. The size of the timestep is adjusted to achieve convergence of
the individual SNES solvers as well as convergence of the segegrated solution in no more than

10 Picard iterations.

The implemented scheme is of O(Ax) accuracy, and comparison of steady-state results and
timeseries under grid refinement are shown in figure Al. While the qualitative behaviour is
consistent for values of Ax < 1000 m, convergence requires resolution at 10s of meters. Solutions
shown here were calculated at resolutions of Ax = 100 m or finer. Simulation times depend on
the hydraulic conductivity parameter and of course model resolution. For k < 1 and a grid
spacing of Az = 100 m, 10* model years are computed in about 24 hours on a single node.
Simulations with k > 1 require significantly more time (up to two weeks) due to limitations on
the timestep.

Minor suggestions:

L1: semicolon unnecessary

Changed.



L6: is there a good reason to use "surge” and ”oscillation” terminology separately here. It gives
the false impression that these are strongly different phenomena.

A comment also raised by the other reviewer. We will change surge to oscillations were appro-

priate.

L12: mass discharge occurs in regions

Changed.

L44: here and throughout this is referred to as the "undrained bed model”, but historically
Tulaczyk called this the "undrained plastic bed model”. Is there a reason for dropping ” plastic”?
Our model is undrained but not fully plastic (see sliding law in equation (3)). Moreover, some
of the studies we cite use an undrained but not plastic model, for example Fowler and Johnson
(1996).

L45: subglacial water discharge

Changed.

L51: due to flow, water freezes and the ice Changed.
Figure 1 - great figure! Thanks! :)

L64: indicate here that this limit goes to the solution given by Tsai Added the following sentence:
This is the limiting case considered in Tsai et al. (2015).

L68: at intermediate hydraulic conductivities Changed.

L76: This is confusing because it implies that the glacier length is a constant 1000 km, but this
is merely the scale, and the grounding line evolves (as you explain below). Perhaps reword this.
The sentence is now:

The computational domain is e—fRewtine of length L, = 1000 km with a downward sloping bed
at elevation b = 2z — z1x.

L99: only a few models Changed.
LL100: subglacial water mass Changed.

L109: could reword this to point out that this isn’t actually a canal model, just a model for
down-gradient porous water flow through till which could incorporate the bulk effect of canals
through increased hydraulic conductivity

Changed the sentence to be more specific:

Equation (5) is similar to a model of distributed water flow in a system of for subglacial conduits
(“canals”) eroded into soft beds (Walder and Fowler, 1994).

L142: sediment from freezing Changed.

Figure 2: Its a bit confuding as to whether the two columns in the intermediate Kappa range
are for different values of Kappa? Perhaps should indicate they are different ranges within the
intermediate range? Columns a to d in figure 2 show the same values of k as figure 4. We will
revise the figure to clarify this. We understand “intermediate” as between x > 1 and x < 1,
but of course that does not mean xk = 1.

L149: Please provide a physical justification for why it makes sense that effective pressure goes
to zero at the grounding line Edited the sentence to read:

Assuming ice overburden pressure equal to water pressure at the grounding line, wWe set the
effective pressure to zero at the grounding line [...]



LL170: please indicate the time scales of the upstream traveling wave Added the speed at which
upstream and downstream traveling waves propagate.

Notably, hydraulically controlled oscillations are characterised by a quasi-simultaneous speed-up
of the entire ice stream in less than 2 yrs (figure 2d), while thermally controlled oscillations
exhibit an activation wave, which travels upstream at about 4 km/yr during the speed-up phase
(figure 2a). In the regime between these two limiting cases (k ~ 1), ice stream activation can
occur by downstream propagation of an activation wave at about 2 km/yr (figure 2b).

L172: different regimes Changed

L184: N is indicate in row (a), not row (b)? Both. Bed is coloured according to N, but it is
plotted also in b to emphasize the boundary layer.

L188: combine this paragraph with the previous one? Done.
L190: leads to a local build up in the Changed

L204: "mechanical barrier upstream of the grounding line” you explain what you mean by this
later, but it would be more useful to describe exactly what you mean by this here Changed this
to

This is due to the region of elevated effective pressure and basal shear mechanicat-barrier upstream
of the grounding line becoming less pronounced (compare the regions of elevated effective pressure
in figure 4aq and by).

L209: a few sentences could be added here describing the variation in oscillation period in more
detalil - it varies from X yrs to y years over this range of kappa... Extended the sentence to

The period of hydraulically controlled oscillations decreases from ~ 2000 yrs at x = 50 to a
minimum of eppreximeately ~300 yrs at k = 1; with further reduction of k the oscillation period
increases again up to a period of ~ 800 yrs at k = 1072 (figure 5e).

Figure 4: not sure what the IV, is doing above the colobar for the N column

N, indicated the upper limit of the colorbar. This will be changed to the numerical value.

L.226: see comment for L.204 about the ”buttress” which is a different term than was used before
Changed to

As in the hydraulically controlled oscillations, the region of elevated effective pressure and basal
shear stress downstream of the surge front acts as a buttress to the overall flow.

LL249: would be prudent to also cite Fowler & Schiavi 1998 where many of these ideas originated
Done.

Figure 5b/e: T don’t think the y-axis needs a log-scale, obscures some of the variation that occurs
here We will adjust figures as appropriate.

L.263: yes, but you hold everything else constant, so this line reads as a bit absolute given that
you don’t (in this study) vary other parameters Changed “controls” to “alters” .

L270: surging mountain glaciers? Changed.
L274: basal temperature gradient? Changed gradient to transition.

L276: by upstream-traveling activation waves Changed to

Recent observations have also shown that some surges are instead characterised by upwerds
travetling activation waves travelling upglacier



e [.282: in some sense your study shows this as well, since climatic and gemoetric factors also enter

into Kappa, which is the relevant parameter of this study Indeed. Added the following sentence

This is supported by the appearance of the accumulation rate a and the characteristic ice sheet
extent L, in the ratio of water velocity to ice velocity k (14a).

e [.288: do no always apply when basal Changed.

e [,289: The study by Robel et al. 2016 in TC shows that thermal oscillations can temporarily
mitigate a positive feedback of grounding line flux and thickness on retrograde slopes. May be
useful to make the connection to MISI-style arguments here

Added the following sentence:

Previous studies investigating grounding line dynamics with evolving boundary conditions have
also shown that thermal oscillations can temporarily stabilise grounding lines on retrograde slopes
(Robel et al., 2016).

e 1.291: can change on decadal to centennial time scales (since this is the time scale for passage
of activation/deactivation waves, not necessarily the full period of an oscillation) Changed.

e [.293: uncertainty in how Changed.

e [.294: similar point to #3 above - your model can be used to speak to the computational
requirements for simulating these kinds of variability, which currently is a bit glossed over in
appendix and not discussed much at all in main text. Would be useful for modelers interested
in incorporating these dynamics in large-scale models to have a sense for resolution they should
be aiming for. We have extended the description of the numerical solution to provide additional
information.

e [.333: there is an interesting literature on interactions between ice streams, particularly the
water piracy hypothesis (Anadakrishnan and Alley papers 1994 and 1997) that would be worth
discussing in the context of your results We have extended the sentence to account for the water
piracy hypothesis
Another limitation of the width-averaged approach is that it precludes the formation of ice ridges,
whose surface slopes affect the ice stream stability by altering the hydraulic gradient (Kyrke-
Smith et al., 2014) and the interaction of neighbouring ice streams. For example, it has been
hypothesised that changes in subglacial water pathways might have contributed to the shutdown
of Kamb ice stream approximately 140 years ago (e.g., Anandakrishnan and Alley, 1997).

o [.347: steady-streaming Left this as is as streaming is the noun here.
e [,349: at period from a few centuries to millennia Changed.

e L356: O(Ax) accuracy Changed.

Citation: https://doi.org/10.5194/egusphere-2025-204-RC1
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