General comment from RC1: | am concerned that you may not have correctly
evaluated your GPR velocities, and therefore that all quantities estimates and
inferences derived from your GPR velocity model are likely in error. From what |
understand of your reporting, you have taken velocities directly from your semblance
picks (e.g., Figure 4 and Figure 11) and used them in Equation (1) to evaluate firn
density. This would seem to be the case since, when Figures 4 and 11 are overlaid
(see below), the velocity plot and semblance picks appear to superimpose.

Response:

We considered the suggestion of implementing the Dix equation to estimate the
interval velocities within each reflection (IRHs) as recommended in the above
description by RC1. Here we have attached updated figures representing the picked
Vrms from the Semblance analysis (Fig. 1) and estimated Vi (interval velocity)
through the Dix _equation ( Eq. 1). Figure 2 illustrates the application of the Dix
equation to derive interval velocities from the corresponding semblance Vrms picks
for all three CMP gathers.

2 2
vV = V pnsi WETV i WE 1
; owt_owe__ e

Distance (m) a Velocity (mns™”) b Velocity (mns™') ¢
O0 5 10 15 20 047 019 021 023 025 0.165  0.20 025
g 5 W 8 & et e S s 0
5
100 & 100 g 10
S
S
3 15
- 8 E
z i
o 200 ¢ 200 o & 20
= 2 8
£ =
3
S 28
ml
300 300 30
i ‘mﬁ’lﬂﬁiﬂl =
b I}“ﬂlﬁipl!!g!!ﬂiﬂ |il||ﬂﬂlgﬂlm““ﬂlllmmmﬂ
]:ﬁil]Ii;;ﬁﬂil{lImﬂ|||"|ﬂ|H|"|)m| hHIlIIlmimmlﬂﬂﬂmﬂ llll!dlm i
o mmmmmxmmuummumw;unmuuvmmmlﬂ?iﬁﬁiﬁ 400 0
il R

Figure 1: lllustration of the CMP-based semblance analysis of the GPR data gathered at
Ménchsjoch, Fig. 1. Here, it is observable that a radargram from the CMP gather (a), the
corresponding coherence response of the IRHs on the CMP radargram (b), and 1-D velocity
model with Vrms picks (dotted line) for the corresponding hyperbolae picks in figure (a) and
interval velocity (solid line).
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Figure 2: Presentation of velocity depth profile obtained from all three CMP gathers (Patil et
al, 2025 TC Pre-print Fig. 1). The picked Vrms-depth profiles (transparent solid lines) are
based on the semblance analysis and estimated interval velocity-depth profiles (Vi, solid
thick lines) using the suggested Dix equation. Here, the y-axis represents the depth in
two-way travel time.

1. The presentation of the GPR data in Figures 3 and 4 could be improved. Although
there is low signal-to-noise ratio at depth, it is almost impossible to see even the
hyperbolae at shallower depth because picked reflection hyperbolae have been
overlaid. | would consider plotting data with reflections unannotated for ease of
comparison.

Response:

We agree with the importance of improving figure representation. Figures_3 and 4 in
the manuscript illustrate hyperbolic reflections picking using ReflexW software. We
like to keep annotations that enhance the reader's understanding of CMP semblance
picking.

Here we present an updated Figure 1, which replaces Figure 4 in the manuscript.
This revised figure includes an additional figure (Fig. 1c) depicting the 1-D velocity
model, linking it to hyperbolic reflections in the CMP radargram (Fig. 1a) and the
corresponding coherence response observed in semblance (Fig. 1b).
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2. The semblance picks beyond ~200 ns depth lack credibility, especially when the
corresponding reflection hyperbolae cannot be seen in the CMP gather.

Response:

In our study, we deployed a 500 MHz Pulse-Ekko GPR system, as stated in the
manuscript, to achieve high resolution while ensuring sufficient penetration depth in
cold firn during the winter season. The primary advantage of using a 500 MHz GPR
antenna is to balance the resolution and penetration depth. This is supported by the
long GPR profile obtained using a 600 MHz IDS GPR system, which provides a
penetration depth of up to 30 meters (Fig. 2).

While our CMP data exhibits decent resolution at deeper depths, and we can identify
hyperbolae that correspond to semblance responses even at deeper depths (Figs. 3
and 1), which supports the credibility of our data.
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Figure 3: The processed CMP data gathered at the CMP2 (Ménchsjoch, Fig. 1) location. It is
noticeable that the presence of distinct hyperbolae extends to deeper depths (twt>350 ns).
We can carefully distinguish hyperbolae even at deeper depths by using the plot scale option
within the ReflexW software.

Figure 4 shows a zoomed-in version of processed CMP data (Fig. 1a & b) depicting
the distinct hyperbolic reflections even at deeper depths (twt>300 ns). It illustrates
pickable deeper hyperbolae for twt > 300 ns. We carefully identified hyperbolae (twt
> 300 ns) by zooming in at specific depths. Hyperbolae at deeper depths are not
easily visible without zooming in (e.g Fig. 1a), so we adjusted the plot scale
accordingly, as shown in Figures 3 and 4, allowing us to pick them with precision.
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Figure 4: lllustrating the zoomed version of Figure 1a & b that shows the pickable
hyperbolae at deeper depths (twt>250 ns). It can be done using the plot scale option in the
ReflexW software, which increases the gain of the GPR signal at deeper depths. Here, the
left figure shows the annotated hyperboae on the CMP data, whereas the right figure shows
the semblance Vrms pick corresponding to the hyperbolae.
4. The authors appropriately consider the precision with which the semblance panel
can be picked, suggesting a 0.005 m/ns picking error. It would be good to see this
represented as error bars in the plots, and how it converts to density. | also think that

this precision is greatly underestimated for the semblance picks with travel time >200
ns, and perhaps a larger uncertainty should be quoted for these.

Response: We appreciate your suggestion regarding the depiction of error bars in
density sensitivity, specifically for uncertainties of 0.005 m/ns in Vrms and the
corresponding changes in interval velocity (Vi). In Figure 5, we present the Vrms
sensitivity results, which influence both interval velocity and the estimated density
derived from the CRIM equation (Eqgs. 1 & 2).
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Figure 5: The GPR CMP-derived velocity-depth (a) and density-depth (b) profiles for all three
CMP data obtained at the accumulation area of the Aletsch glacier (Patil et al, 2025 TC
Pre-print Eig. 1). The effect of Vrms sensitivity (0.005 m/ns) while picking from the
semblance analysis is also shown in both interval velocity and density depth profiles, as the
shaded plots of the respective colour.

The selected Vrms uncertainty range of 0.005 m/ns accounts for the semblance
contour (Booth et al, 2010) on both sides of the semblance response (Fig. 1 b) at the
specific hyperbolic pick. To maintain consistency, we applied a constant Vrms
sensitivity of 0.005 m/ns across all depths. This approach was chosen because
sensitivity in Vrms picking increases with depth, and small variations lead to
physically unrealistic interval velocity and density estimates.

3. A further refinement of semblance-based VRMS picks can be found here: this
paper establishes that it is first-break travel-times which yield the most accurate
physical properties, but only the higher amplitude half-cycles in the coda that yield
semblance responses. The paper therefore, presents a correctional methodology
that the authors may wish to consider.
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Response: We carefully considered your suggestion and implemented the Monte
Carlo simulation to estimate interval velocities at three CMP locations. The following
results in Figure 6 (shown for CMP2 Vrms pick) illustrate the expected spread in the
95% confidence interval at deeper depths, where the resolution of the semblance
response decreases with depth (Booth et al., 2010).

For this analysis, we assumed an uncertainty of 0.001 m/ns in Vrms picking from the
semblance analysis (as seen in the figure for CMP2), and the estimated mean
velocity from the Monte Carlo simulation reflects the corresponding interval velocity.
Booth (2010) exemplified the sensitivity of interval velocity to the small variations in
Vrms picks from the coherence response at deeper depths. So, we tested the impact
of increased uncertainty in Vrms picking, which led to a broader spread in standard
deviation, implying that variations in Vrms selection significantly influence interval
velocity estimations that exceed the physically possible interval velocity range.
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Figure 6: Monte-Carlo simulation to improve the accuracy of interval velocity estimation,
which presents the firn physical properties (Booth et al, 2010). The blue line is the simulated
mean velocity, which represents the interval velocity, and the red line is the estimated
interval velocity from the Dix equation (Eq. 1). The shaded part shows the uncertainty range
for a 95% confidence interval of the mean interval velocity.
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