Response Letter to Reviewer #2

Blue letters: revised and/or added text in the revised manuscript
Red-etters with strikethrough: deleted text in the revised manuscript

Text in italic: comments from Reviewer #2

Authors' reply:

We thank Reviewer #2 for the valuable feedback. The purpose of our research is to
constrain the generalised range of the fluidity parameter (A value) when changing the value of
the stress exponent (n) from the conventional 3 to 4. We believe that our study can provide the
potential for more accurate simulation of complex ice flow and glacier topography when using
n = 4 in ice sheet models. We have improved our manuscript based on the reviewer’s
suggestions. We have included our response and related documentation, such as figures and
references, in this response letter.

Methodology:



Authors' reply:

We sincerely appreciate the reviewer’s insightful feedback and the opportunity to
discuss the methodological approach of our manuscript. The reviewer’s comments on the use
of inversion methods to estimate rheological parameters in modelling ice sheet dynamics have
prompted a thoughtful revision of our research focus and methodology. Inversion methods have
been widely used to estimate the distribution (in terms of initial conditions or data assimilation)
of important parameters (e.g., the A value for Glen's law and C value for Weertman friction
law) (Choi et al., 2023; McArthur et al., 2023) that are difficult to measure directly. We fully
agree that the inversion method advances the understanding of ice sheets, glaciers, and their
interactions with climate change.

TI_CTR1 TI_CTR2 TI_CTR3 TI_CTR4
airiees a3 1065

E N r‘ - '} oS .e_.'—‘ . [@rTas .e_. _‘ o2
) “‘ : 5“ - r 7"* o
s Bl Ok, O |

¥ (ke

oy 53 02 995 W [0 ] | [weriess -~ 7
= - .
2 eI e 2 2l |

st column: (a4) basal stress in 1985 and (b4, €4, d4) its change for the transient friction
eriment (TI_CTR4).

Impact of time-dependent data assimilation on ice flow model initialization and
projections: a case study of Kjer Glacier, Greenland (Choi et al., 2023)

Choi et al. (2023) used the inversion method to estimate the basal friction coefficient
(C value) and fluidity (A value) from observations (e.g., ice velocity, ice front position, bed
topography, and ice thickness). Choi et al. (2023) introduced two different inversion methods:
the "snapshot inversion method" and the "time-dependent inversion method". Each method
derived different C and A values. Forward models, using C and A values derived by the
snapshot inversion method, accurately reproduced the state at a given time, but failed to predict
temporal changes such as acceleration of the ice flow. The model consistently underestimated
velocities compared to actual observations. Conversely, the time-dependent inversion method,
which incorporates changes over time using historical data, allowed relatively accurate
predictions of ice velocity changes, especially ice acceleration. This discrepancy in the
simulation results due to the different inversion approaches suggests that A values may vary
depending on the inversion method. Therefore, we believe that it would be beneficial to
objectively test a wide range of constant A values for our study, which aims to approximate
the general range of A values.



Wolovick et al. (2023) also employed the inversion method to investigate basal friction
beneath the Antarctic Filchner-Ronne Ice Shelf. In particular, the study by Wolovick et al.
(2023) focused on determining the optimised level of normalisation through L-curve (trade-off
curve) analysis. The L-curve is used to optimise the regularisation parameter (A) for the
inversion (Aster et al. 2012).
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Regularization and L-curves in ice sheet inverse models: a case study in the Filchner—
Ronne catchment (Wolovick et al., 2023)

In the left figure above, Wolovick et al. (2023) compared the L-curves for different
values (m = 1, 3, and 5) of the sliding exponent (m) when the base friction coefficients of the
ice sheet were inverted. The focus was on comparing linear (m = 1; black lines) and nonlinear
(m =3 and 5; green and magenta lines) Weertman friction laws using the L-curve. Wolovick
et al. (2023) showed that the nonlinear Weertman friction law produced a steeper limb in the
L-curve, resulting in a sharper corner (compare black and magenta lines). This suggests that a
small change in the regularisation parameter (i.e., 1) in the nonlinear Weertman law can lead
to overfitting and underfitting, which result in an overly constrained C value for the noise-like
signal and an overly simple C value distribution, respectively. This suggests that the C value
obtained from the inversion method is sensitive to the nonlinearity of the chosen law and the
regularisation parameter.

Despite the proven benefits of inversion methods, our study has attempted to purchase
an implication of using a stress exponent (n) of 4 with the A value across different modelling
scenarios (e.g., idealised slope and Antarctic bed topography models). Our approach of
investigating the constant A value over the entire ice shelf, specifically under the n = 4 stress
exponent condition, was motivated by the need to contribute to a fundamental understanding
of the behaviour of this parameter in ice dynamics models. For n = 3, the A value already has
a narrow range in many models through extensive investigation. However, the A value for n =
4 has been studied less intensively.



We present a previous study of ice sheet dynamics modelling using an idealised
geometry with n = 3 and constant A values. The idealised model developed by Pattyn et al.
(2012) is based on the full Stokes ice sheet flow (see figures below), with various parameters
such as A value, C value, and accumulation rate. In addition, Pattyn et al. (2012) also
introduced contact dynamics to accurately model basal friction, stress, and viscosity. We
cautiously believe that the inversion method to be site-specific. Rheological and frictional
parameters (e.g. the A and C values) are inverted based on observed data (e.g. bed topography,
ice flow velocity, heat flux) from specific ice shelves. These parameters are then used in the
modelling process, which ensures consistency between observed and modelled data. The
constant A method may provide a comprehensive and general approach that supports the
flexibility to apply the model to different regions and conditions of the ice sheet. In addition,
the constant A value allows ice physics to be modelled effectively even with limited
observational data. While the inversion method relies on observed data, the use of a constant
A allows the model to be applied under a wider range of conditions.
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Example of constant A value for entire numerical domain (Results of prograde slope
model. Pattyn et al., 2012)

We recognise the importance and effectiveness of inversion methods in improving
the fidelity of ice dynamics models. However, by focusing on the constant A value approach
for an n = 4 stress exponent, we aim to address a gap in the ice sheet rheology and its
implications for ice velocity modelling. Furthermore, our research provides a necessary
stepping stone for future studies that may incorporate inversion methods to investigate the
spatial variability of A values with n = 4. Our results can be used to set more realistic initial A
values when performing inversions for the spatial distribution of A values. We also believe that
the narrowed range of A values in our study may be useful as a prefactor when establishing an

exponential relationship with temperature, i.e., the fluidity parameter < A, exp (— ﬁ) Thus,

we believe that our study contributes valuable perspectives to the field of ice sheet dynamics
and encourages further exploration of its complex rheological properties. We have discussed
the advantages and limitations of using constant A values in the revised manuscript as follows.



In the Discussion section,

The use of a constant value of the fluidity parameter (4) throughout the model
domain of the idealised slope and Antarctic bed topography was a methodological choice to
simplify the complex interactions inherent in ice sheet dynamics for isolating the effect of
the A value. This approach provided a controlled modelling situation to quantify the
response of ice flow to different values of A. However, our method has the limitation of
simplifying local variations in ice properties such as temperature, ice damage and ice crystal
fabric that are relevant to ice sheet dynamics.

In ice sheet dynamics modelling, the inversion method has been widely used to
derive spatially and temporally variable rheological and frictional parameters, as highlighted
in previous studies (Choi et al., 2023; Wolovick et al., 2023). In addition to improving the
ability of models to fit observed ice velocities, such methods ultimately enhance the
predictive capability of future ice behaviour. However, we focused on the use of a constant
value of A with a stress exponent (n) of 4. The constant value of A provides a baseline
value for the sensitivity of ice flow to rheological changes. The narrowed range of A values
in our study was achieved by minimising the error between the numerical model and
observed Antarctic ice velocity, allowing the range of A values to be used as initial values
of temperature-dependent ice viscosity. We expect that this approach will provide insights
for the development of refined model parameters.

Authors' reply:

When studying complex systems such as the Antarctic ice sheet, the ice sheet dynamic
models that include all the interactions between all parameters can obscure the important
physics. By using a simplified model, we can improve our understanding of the physical
processes (e.g. calving and melting/accumulation) separately. Previous studies (Pattyn et al.,
2012) have shown that models with simplified geometry have an advantage in quantifying the
effects of a particular physics. For example, the Marine Ice Sheet Model Intercomparison
Project (MISMIP) is an effort to assess the instability of marine ice sheets (Pattyn et al., 2012).
MISMIP has been widely used to investigate the essential elements that determine ice stability
(e.g., the dependence of water pressure on sea level, the friction law, viscosity) (Durand et al.,
2009; Gladstone et al., 2018). These studies are also based on simple two-dimensional models
with prograde and retrograde slopes.



Pattyn et al. (2012) demonstrated that temporal changes in the A value (note that the
A value is spatially uniform; see table below) can induce a complex hysteresis motion in the
grounding line (see figure below), even in models with a simple slope (prograde and retrograde).
This shows that the grounding line can be sensitive to variations in the A value. In models with
complex bed topography and inverted A and C values, it is difficult to distinguish whether the
occurrence of hysteresis motion is due to the complexity of the bed topography or to the
temporal changes in the A value.

Stepno. A {s‘l Pa_3)

46416 % 10-2*
2.1544 x 10~24
10—24
4.6416 x 10~25
2.1544 x 10725
10—25
4.6416 x 10726
2.1544 % 10~26
10—26

=T B R A e ]

Results of the prograde and retrograde slope model. Spatially uniform constant A value
(Pattyn et al., 2012)

An idealised slope model was also used in Favier et al. (2012) to analyse the effect
of specific processes, such as pinning point, on grounding line dynamics. Simulations were
performed with sets of bump topography from the bed topography (see left figure below).
The parameters applied in the calculations were spatially uniform constant values for both
friction (C value) and ice viscosity (A value). The present of pinning point causes upstream
growth and advance as the thickness of the ice at the grounded part increases. This suggests
that the contact at the pinning point acts as a marine ice sheet instability. This approach of
using simple models to understand complex dynamics is important in comparative analyses
of glacier dynamics when trying to isolate the effects of specific physics. This simplification
provides a basis for researchers to clearly understand the different physical elements and their
interactions. Especially in systems with many variables and complex processes, such as ice
sheet dynamics, idealised slope models can improve our understanding of individual
elements.
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A three-dimensional full Stokes model of the grounding line dynamics: effect of a pinning
point beneath the ice shelf (Favier et al., 2012)




The main objective of our study is to propose an appropriate range of A values for n
= 4. Therefore, it was crucial that we use an idealised slope model to test whether the A value
consistently regulates ice velocity, regardless of the complex bed topography. By testing the
effects of A value changes in an idealised slope model and isolating the A value effect, we
could improve the reliability of the Antarctic bed topography model. In our study, we used one
of the MISMIP models for Antarctic ice sheet stability studies, the prograde slope (y [km] =

720.0 [km] — 778.6 [km] X (ﬁ?ﬂm)). Consequently, the constrained range of A values
from the simple slope models was determined to be 1.0 X to 251.0 X 10732Pa~*s™1 (seered

shaded zone in the figure below). This range fully includes the constrained range of A values
from 4.0 X to 16.0 X 1073?Pa~*s™! based on Antarctic bed topography (see dotted lines in
the figure below).
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Comparison of the range of A values derived from the Antarctic model and the simplified
model.

Thus, we found that the idealised slope model derived a wider range reflecting only the
influence of the A value. The additional influence of the detailed bed topography then further
narrowed the A value range. In the original manuscript, we considered, without a deep
understanding, that the adequacy of the A value was ensured by constraining both the simple
slope model and the bed topography model. However, thanks to the careful advice of Reviewer
#2, we can discuss the value of constraining the Antarctic A values in a simple slope context
(isolating the effect of the A value from the bed topography). We have included this discussion
in the revised manuscript as follows.



In the Discussion section,

We employed both idealised slope and Antarctic bed topography models to simulate ice sheet
dynamics. The low geometric complexity of idealised slopes allows the comparative
analyses of ice sheet dynamics to isolate the sole effects of ice viscosity and friction. The
idealised slope model provides a controlled geometry to systematically investigate the effect
of different fluidity parameter (A) on ice flow velocity. The idealised slope has previously
been adopted to improve specific physical processes, such as marine ice sheet modelling and
ice sheet instability (Favier et al., 2012; Pattyn et al., 2012). By demonstrating the effects of
A value in simplified conditions, we can address the effect of geometric complexity for
Antarctic bed topography. We found that the wider range of A values was derived from the
idealised slope models, compared to the Antarctic bed topography models. However, when
we used the Antarctic bed topography models, which incorporate complex bed topography,
the effective range of A values is narrower. This means that the A value broadly
determines the viscous ice flow, and the bed geometry and friction further modulate the
velocity.

Authors' reply:

We appreciate the reviewer's insightful comments on the importance of the friction
coefficient C in influencing ice velocities. In our study, the choice of C value was guided by
the published literature. For example, Brondex et al. (2017) investigated the sensitivity of the
friction law to grounding line dynamics. The numerical model setup was identical to MISMIP
with spatially and temporally constant parameter values (e.g., A, m, and C values). The
contribution of the grounding line and ice velocity variation to the ice flow model was
compared for four different friction laws (Weertman, Schoof, Tsai, and Budd friction laws).
The results highlighted the importance of selecting the appropriate friction law to improve the
accuracy of ice flow models and predictions. Another example is Favier and Pattyn (2015),
where the constant C values are used.



Contour plots of g, given in the plane (N, up) are repre-
sented in Fig. 1 for the four friction laws (Eqns (1)-(4)) using
m=1/3, =1, Cw=Cy=Cs=7.624x10° S| and (=
Cinax = 0.5; with this choice the four laws give the same 1,
for the value N =1 MPa (highlighted by the black vertical
dashed lines in Figs 1a-d). By definition, 7, is independent

Sensitivity of grounding line dynamics to the choice of the friction law (Brondex et al.,
2017)

to vertical shearing is neglected because of

Table 1. Model and Bed Topography Parameters its effect of significantly reducing the time

Parameter Symbol Value Unit step. However, with respect to grounding
Flow parameter A 3.107% Pa=3 5! line migration, this approximation in com-
Seconds per year 31,536,000 sa) bination with a subkilometer grid spacing
PO e 5 03 e across the grounding line gives results that
Basal melting/accretion a, 0 ma-! are in accord with full Stokes modeling

[Pattyn et al., 2013]. Furthermore, ground-

Glen’s exponent n 3
ing line dynamics are better represented

i 3 -1/3 /3
:j ;::::: ::;Z::: ’: 7'62?: I Pam'ssY than in conventional SSA models or Pollard
and DeConto, 2012-type [2012] parameteri-
Cmdmsly Pu 5D kgm= . tions [Pattyn and Durand, 2013,
Ice density o 900 kg m—3
@ty g 98 kgm3 Besides the physical basis of the model,
-, . 400 - a subkilometric spatial resolution is a nec-
Domain width w 256 i essary condition to guarantee grounding
) line migration [Pattyn et al, 2013; Pattyn
Maximum refinement 03 km and Durand, 2013]; therefore, the resolution
Ed Pt ete] @ 1 ranges between 500 m at the grounding line
Bed parameter L} 075 and 4 km at the ice sheet divide and the calv-

ing front. Ice rheology is controlled by the

Glen’s flow law, and the interaction between
the bed and the ice bottom surface by a Weertman-type nonlinear friction law [Weertman, 1957]. All model
parameters are listed in Table 1.

Antarctic ice rise formation, evolution, and stability (Favier and Pattyn, 2015)

Descriptions Symbols« Values [unit] and equationss
Friction coefficient< | C,, ¢ 7.624 X 10° [Pa- m~%/3 . s1/3]c
Sliding exponent« me 1/3, 1/5, 1/7, and 1/9 [-]¢

Our study

Basal drag using the Weertman friction law is one of the important factors controlling
ice flow. Many previous studies conducted sensitivity tests (e.g., Gillet-Chaulet et al., 2016,
Gilbert et al., 2023) of the friction law parameters (e.g., friction coefficient C and friction
exponent m) for ice sheet dynamics. Gilbert et al. (2023) and Gillet-Chaulet et al. (2016)
suggest that these friction-related parameters, particularly the friction exponent (m), can lead
to uncertainty in modelling ice sheet dynamics. Gilbert et al. (2023) suggested that changes in
ice sheet length are mainly driven by the glacier velocity in response to changes in ice thickness,
which is controlled by the non-linearities in the friction law (exponent m) and Glen's law
(exponent n). Assuming that the averaged ice viscosity and friction coefficient (C value) are
constant over time and that the Glen's law exponent n = 3, the transient change in ice length is
essentially controlled by the friction exponent m.

Gilbert et al. (2023) also show that the m value has a greater impact on the accuracy
of the model predictions. The RMSE decreases from ~22 m/yr to ~12 m/yr (~100% decrease;
see red arrow in the figure below) as the m values decrease from 5 to 3. Moreover, as the m
value increases from 1 to 3, the RMSE decreases from 18.5 m/yr to ~12 m/yr (30% decrease;
see blue arrow in the figure below).
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Figure 1. (a, b) Observed velocity and thickness changes between September 2003 and 2018. (c, d, €) Modeled velocity change for different values of m. (f) Root mean
squared error (RMSE) between observed and modeled velocity changes as a function of .

Inferring the Basal Friction Law From Long Term Changes of Glacier Length, Thickness
and Velocity on an Alpine Glacier (Gilbert et al., 2023)

Gillet-Chaulet et al. (2016) compared the effect of C value on the fit to observations
(i.e., ice velocity). They tested both models with spatio-temporally varying C value and with
constant C value. When C value is varied in time and space, the RMSE between model and
observation was 18.9 m/yr. However, when the C value was varied for each velocity dataset
(using inversion), the RMSE improved by only 10% to 16.5 m/yr. Although this difference
suggests that changing the C value has some effect on the model predictions, the m value is a
much more important parameter than the C value in modelling ice velocities. The m value
determines the non-linearity (such as velocity-strengthening or velocity-weakening) between
frictional traction and ice velocity along the bed, which is directly related to ice velocity. In
contrast, the C value mainly represents the physical state of the bed (e.g. changes in bed
topography), which is important but not as influential as the m value. We quoted a paragraph
from Gillet-Chaulet et al. (2016).

5. Conclusion

With the assumption that the basal slipperiness coefficient, C, has been constant in time between 1996 and
2010, we have been able to reproduce most of the observed velocity changes in PIG with the basal friction
law that is commonly used in ice-sheet models. The best match is obtained for a constant value of the stress
exponent m=20 with a RMSE of 18.9 m/a, while with a value of C that can vary with time (i.e., unique spatial
fields for each velocity data set) the minimum improves only slightly to 16.5 m/a/|Differences in RMSE are very

Assimilation of surface velocities acquired between 1996 and 2010 to constrain the form of
the basal friction law under Pine Island Glacier (Gillet-Chaulet et al., 2016)




Following the approach of previous studies, we also assumed fixed values for the other
parameters (e.g., C value and m) to isolate the effect of changes in the A value. As this is very
similar to the objective of the study by Brondex et al. (2017), we assumed the same values for
the friction law parameters (C and m), which are essential for our study. Furthermore, we
investigated the effect of different m values of 1/3, 1/5, 1/7, and 1/9 on the ice velocity for the
idealised slope model and the Antarctic bed topography model (please see the figure below).
We also include the following figures in the Supplementary Material as follows.
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We found that the variations in ice velocity depending on m values were not
significant, thus increasing the confidence in the parameters obtained. Therefore, we have
tested the important parameters n and m, which are mainly used in ice sheet dynamics, as
constant values in time and space. This allows the calculated ice velocity change to be
accurately constrained by isolating the effect of the A value. The friction law was set by
adopting conventional C and m values used in studies where numerical simulations were
generally performed using the Weertman friction law. The same basic friction coefficient (C)
and exponent (m) were used as in the Marine Ice Sheet Instability (MISMIP) study by Favier
and Pattyn (2015). Please see the tables in our manuscript and Favier and Pattyn (2015).



By thoroughly reviewing studies that use the Weertman Friction Law, we investigated
the various friction coefficient (C) values employed when m = 1/3. It was confirmed that
different studies adopted different C values. For example, Jong et al. (2018) used C =
3.812 X 10° Pa- m~%/3 - s1/3 and m = 1/3, while Favier et al. (2012) performed a numerical
simulation using the value C = 107 Pa- m~%/3-s'/3 and m = 1/3. We quantified this by
testing three cases with C = 3.812 x 10® (Jong et al., 2018), 7.624 X 10°® (our study), and
107 (Favier et al., 2012) Pa-m~1/3-s1/3,

Table 1. Numerical values of the parameters adopted for the simu-
lations.

Parameter  Value Unit

Parameter Symbol  Value Unit

A 1072 Pa3 57!
31536000 sa~!
05 -

maximun value
peak exponent

Pa
"” i Description« Symbols¢ Values [unit] and equations« o :uou kem3
m 1/3 ) nt(m = 1/n) pi 900 kgm™3
A 3 1078 Friction coefficient<’ | C,,¢ 7.624 x 106 [Pa- m~/2 - s1/3]« g 9.81 kgm™
As 41613 x 105 L 500 km
u, 0.01 K .
A s Weetmanfction parameter Sliding exponent” | ms 13, 1/5, 1/7. and 119 [-J s
Quoted from Jong et al. (2018) Our study Quoted from Favier et al.

We plotted the averaged ice velocity as C varied for all Antarctic models with A =
0.02 X, 4.0 X, and 64.0 X 10732Pa~*s™1 (see figure below). Compared to the variation of
averaged ice velocity with the value of the fluidity parameter (A) of Glen's law, the variation
with the value of C was relatively small (less than 10%). We added the result for the C value
to the supplementary material.
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Figure S5. The calculated variation in ice flow velocity on the Antarctic ice shelf as a
function of the sliding coefficient (C). The commonly used value of C is 7.624 X 10° Pa -
m~1/3 - s1/3 We compared the ice velocity changes for values of C= 107 Pa- m~1/3 - s1/3
and 3.81x 10° Pa- m~1/3 - s1/3_(a), (b), and (c) correspond to models with A= 0.02, 4.0,

and 64.0 X 10732 Pa~* 571, respectively.

Authors' reply:

As Reviewer #2 points out, the range of A values obtained by our simulations (one
order of magnitude) is much narrower than expected in nature. We found that the range of A
values was narrowly constrained because the ice velocity on the Shackleton Ice Shelf is too
slow compared to other ice shelves. This was also pointed out by another reviewer. To make
the range of A values more general, we have included modelled ice velocities from the Cook
Ice Shelf and Pine Island Glacier in our analysis in the revised manuscript. Despite the addition
of these two ice shelves, the constrained range of A values has not changed from that of the
original draft.



If we remove the ice velocities of the Shackleton Ice Shelf from our analysis, the
range is extended to an order of three (compare left and right figures below). Although the
order of the A value range is increased from one to three, an order of three is still meaningful.
Typically, for n = 3, the range of A values used in modelling ice sheet dynamics has an order
of three.

We carefully considered removing the Shackleton Ice Shelf as an outlier. In the end,
we decided that we could not remove the Shackleton Ice Shelf because it is obviously an
Antarctic glacier. However, we argued in the discussion section that if we removed Shackleton
Ice Shelf, the order of the A value range would be three.
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We acknowledge that the range of A values for our study is quite narrow, given the
effects of temperature change, ice crystal structure, damage, and water content on A values.
Therefore, we have included this limitation of our study in the Discussion section: we have not
included changes in A value due to other physical factors (e.g. temperature, ice crystal structure,
and damage). However, the aim of our study was to refine the range of A value as much as
possible (when n = 4). The refined A values can then be used as initial values for the inversion
method (inverting the A value distribution from the observed velocity) or as the prefactor Ao

for the temperature dependence relationship (A = A, exp (—i—;)). We thank the reviewer

again for the valuable feedback.

In the Discussion section,
Millstein et al. (2022) showed that a value of n = 4.1 £ 0.4 better approximates
viscous ice flow than the commonly used n = 3 in fast-flowing and highly stressed ice




shelves (e.g., Ronne and Ross Ice Shelf). Higher values of n increase the sensitivity of
viscosity to changes in stress and temperature, which can lead to significant variations in
numerical simulations. Therefore, when calculating ice flow velocity with n =4, sensitivity
analysis of other parameters in Glen's law, such as the A value. We have performed numerical
simulations using the fluidity parameter (4) as a constant value in ice dynamics models.
However, the various physical factors (e.g. temperature, ice crystal fabric, and ice grain size)
affect the value of the fluidity parameter. The fluidity parameter (A) is influenced by
temperature, ice structure, grain size, damage and moisture content, which in turn affect ice
flow dynamics. Cuffey and Paterson (2010) suggested that temperature changes in the range
-10 °C to 0 °C have a significant effect on the A value, by influencing the viscosity and
deformability of the ice. Furthermore, ice crystal fabric and grain size can determine the
response of the glacier to applied stresses (Goldsby and Kohlstedt et al., 2001). Structural
damage within the glacier, such as cracks and microdefects, can significantly reduce
deformation resistance, enhancing glacier flow (Duddu and Waisman, 2012). The water
content of the glacier ice also acts as a lubricant, reducing internal friction and increasing
flow, particularly promoting basal sliding. However, accurate prediction of ice rheology
parameters is challenging due to multiple interrelated factors such as water, temperature, ice
fabric, particle size, and damage. Based on the narrow range of A values refined in this
study, we expect to derive A values that more accurately represent the behaviour such as
ice temperature and ice velocity variations.

Authors' reply:

We deeply appreciate the valuable feedback from the reviewer. We have added
Jezek et al. (1985), Martin and Sanderson (1980), Paterson et al. (1983) and Glen (1955) to the
Introduction section for the exponent of Glen's law n = 3. In response to the reviewer's comment
that Behn et al. (2021) did not primarily use geodetic data but rather applied the model in
combination with ice core and laboratory data, we have corrected this part as follows.

In the Introduction section,
The value of n approximately 3 has been used, which effectively reproduces the surface ice
velocities in Antarctica (Glen, 1955; Martin and Sanderson, 1980; Paterson et al., 1983;




Jezek et al., 1985; Pattyn et al, 2012), such as the Amery Ice Shelf (Thomas, 1973; Hamley
et al., 1985) by laboratory experiment.

Authors' reply:

Following the reviewer's suggestion, we have added two more references of
Millstein et al. (2022) and Bons et al. (2018), where the authors’ opinion is that n tends to
approach 4. The reviewer's suggestion ensures that we fairly cite previous studies with n =3
and studies with n = 4.

In the Introduction section,

A detailed depth analysis of deep ice cores from Antarctica and Greenland revealed large
variations in grain shape, grain size, and anisotropy within the ice structure (Budd and Jacka,
1989; Cuftey et al., 2000; Bons et al., 2018; Millstein et al., 2022), indicating that stress
exponent values other than three can be considered when fitting ice viscosity.

Authors' reply:

We have followed the reviewer’s suggestions.

In Introduction section,

Line#41: The A is modulated by the temperature, interstitialwater content-and-hydrostatie

pressure fabric, grain size, damage, and impurities (Geldsby-and Kohlstedt; 2004, Moore;
2044-Hruby et al., 2020; Adams, 2021).




Authors' reply:

In the original manuscript, "the previous ice sheet model" refers to Durand et al.
(2009), in which the temporal evolution of A drives a hysteretic behaviour of the grounding
line. We have revised the sentence to avoid the confusion with “the previous ice sheet model”.

In the Introduction section,

Furthermore, the-previousice-sheetmodeH{Durand-et-al52009) Durand et al. (2009) showed

that the temporal evolution of A yields the hysteretic behaviour of the grounding line,
implying the need to constrain the range of A.

Authors' reply:

Millstein et al. (2022) investigated n values for the Antarctic ice shelf. Millstein et
al. (2022) showed that a value of n = 4.140.4 better approximates viscous ice flow than the
commonly used n = 3. Thus, ice sheet dynamics models with n = 4 has the potential to
significantly increase the sensitivity of ice sheet mass loss to ongoing climate change,
compared to n = 3. Furthermore, the higher values of n increase the sensitivity of viscosity to
stress variations, which can lead to large errors in numerical simulations. Therefore, sensitivity
analyses of other parameters (e.g., the A value in our study) are required when calculating ice
flow for n = 4. We quotd a core sentence from Millstein et al. (2022).

The log-log plots between strain rate and deviatoric stress
shown in Fig. 2 exhibit linear trends that are consistent with a
power-law relation. These results provide strong evidence that,
for a suitable choice of n, Glen’s Flow Law is a viable approx-
imation of the viscous flow of Antarctic ice shelves and, as dis-
cussed later, likely other dynamic regions of Antarctica. Critically,
we find n =4 in the fast-flowing, extensional regions of Antarctic
ice shelves. This result is consistent with other evidence for a

Ice viscosity is more sensitive to stress than commonly assumed (Millstein et al., 2022)

We have corrected the sentence to reduce confusion.

In the Introduction section,
Line #46: The values of A recent inference of the stress exponent (Ranganathan—-et-als

2021 OQiand-Geldsby; 2021 Millstein et al., 2022) argues for n of approximately four better
approximates viscous ice flow than the commonly used n = 3, especially for fast-flowing




and highly stressed ice shelf (e.g., Ross Ice Shelf).

Authors' reply:

We thank the reviewer for this comment. We compared the modelled ice velocity with
the range of ice velocities from a subset of NASA's Making Earth System Data Records for
Use in Research Environments (MEaSUREs) from 2007 to 2009, covering the whole of
Antarctica. Our study focused specifically on the ice velocities of the ice shelf at the ice front.
We set the model sites to include the ice shelves, which also have a high flow velocity. We
excluded the velocity calculated when A = 1072% Pa=*s™! because it was much higher than
the average ice velocity on the Antarctic ice shelf from 2007 to 2009.

In Results section,
Line #139: For A = 1072° Pa~*s™1, the ice velocity was ~2000 m/year, which was higher
than the maximum value in Antarctica ice velocities from 2007 to 2009 that we adopted.

Author’s reply:

To improve the readability of the yellow and orange lines in Figure 4, we increased the colour
contrast.
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Using the LaTeX mathematical setting, including the support of italics, we were able to clearly
distinguish mathematical variables such as A and n.

In the Abstract section,

---The suggested range of the fluidity parameter (A A) for =—=4n = 4 is of the order of six
(i.e., 1073% to 1072° Pa~*s™ 1), leading to a significant uncertainty in ice velocity than
when #=3n = 3.

In Introduction section,

---The value of A A derived from a laboratory ice deformation experiment with #—=3n = 3
ranged from -

In Method section,

---effect of fluidity parameters when =4 n =4, --

In the Discussion section,

---Recent ice sheet dynamics models have argued that Glen’s law with& n (power-law stress
exponent) = 4, instead of =3 n = 3 -+

In the Conclusions section,

~witha=4 n=4

We thank Reviewer once again for the valuable time and consideration.
Sincerely,

Sujeong Lim and Prof. Byung-Dal So
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