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The authors are grateful for the valuable comments and kind consideration of our submission.
Detailed responses and revisions based on these comments are listed below.

1 General Comments

The main contribution of this article is the identification of two wave modes that interact sensi-
tively with the porous and mechanical properties of a layered poro-elastic medium, respectively.
In addition the authors use a multiphase poro-mechanical foundation to build a global matrix
model of a layered poro-elastic medium. This approach has significant novelty compared to the
typical global matrix models based on partial wave amplitudes and nicely emphasizes the con-
nection between surface waves and ground physical properties. The specific application to per-
mafrost demonstrates the relevance of this manuscript to The Cryosphere, although certain as-
pects of the methodology also have broader relevance to the field of near surface geophysics and
non-destructive testing of engineering materials.

The weaker side of the manuscript is that findings that are a direct result of the data examples pre-
sented are not adequately separated from other applications that remain essentially hypothetical
(these are detailed under “specific comments”).

In this paper, our results demonstrate the potential of seismic surface wave testing accompanied
with our proposed hybrid inverse and poromechanical dispersion model for the assessment and
quantitative characterization of permafrost sites. We have clarified that its applications for early
detection and warning systems to monitor infrastructure impacted by permafrost-related geohaz-
ards, and to detect the presence of layers vulnerable to permafrost carbon feedback and emission
of greenhouse gases into the atmosphere will be the goal of our future studies.

The manuscript could also be improved substantially by giving a more complete description of
the two Rayleigh wave modes so that those reading the manuscript may better understand their
propagation and interpret their broader relevance to the field of surface wave seismic investiga-
tion.

More information of the two Rayleigh wave modes (R1 and R2) is given to better explain their
propagation in permafrost foundations (details are given in the answer of Question 15).

Furthermore, I have some concerns that the inversion results are overly sensitive to the frequency
range of the dispersion curves that constrain the inversion (likely due to a mismatch between the
shape of the experimental and inverted dispersion curves). The anomalous result at 360-480 m in
the physical data example is not convincing and appears more likely to reflect a weakness in the
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inversion methodology than real lateral variation in physical properties.

In our inversion analysis in the original manuscript, we assumed that the last layer in our model
is the unfrozen ground, which is indeed uncertain considering that the penetrating depth is only
about 11 m in the MASW survey (based on the recommendation that MASW investigation depth
is roughly half of the maximum wavelength (Olafsdottir et al., 2018)). For instance, the maxi-
mum wavelength in Section 1 is about 22 m (calculated using a phase velocity of 404 m/s at the
frequency of 18 Hz). The maximum wavelength for Section 2 to 5 can be calculated in a similar
manner. The average maximum wavelength for the entire investigation areas is around 21 m.
Therefore, the penetrating depth in the MASW survey presented in this study is only about 11 m.
It was reported that the permafrost layer in the studied site can go up to 100 m (Dolnicki et al.,
2013; Glazer et al., 2018). Therefore, in the revised paper, we considered the last layer to have a
degree of saturation of unfrozen water ranging from 1% to 99%. In this way, the last layer can be
either permafrost or unfrozen ground. We have also applied the automatic methods for the selec-
tion of dispersion curves (instead of relying on visual inspection that we used in the original draft)
using MASWave software (Olafsdottir, 2018). The misfits (RMS) between the R1 experimental and
numerical dispersion curves at Section 4 have been significantly reduced from 49.6 to only 4.7 , as
shown in Figure[Ijg.
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Figure 1: Surface wave inversion results for Section 4 (from 360m to 480m). (a) Degree of satura-
tion of unfrozen water, (b) Degree of saturation of ice, (c) Porosity distribution, (d) Shear modulus
of solid skeletal frame, (e) Bulk modulus of solid skeletal frame, (f) Experimental and numerical
dispersion curves for R2 wave, (g) Experimental and numerical dispersion curves for R1 wave.

Furthermore, it is generally difficult to assess the true accuracy of the results owing to a lack of
comparison to ground truth observations of physical properties and interface depths or compar-
ison with other geophysical datasets (both of which appear to exist in the published literature).
I believe it should be possible for the authors to address these concerns in a revised manuscript,
that will then make a useful contribution to The Cryosphere.

In the revised manuscript, the comparison of the inversion results using the proposed hybrid in-
verse and multi-phase poro-mechanical approach and inversion results from ERT survey provided
by Glazer et al., (2020) has been added. It was reported by Glazer et al., (2020) that the permafrost
table is located at a depth of about 2 m for a span of 20 m. The new inversion results in terms of



the thickness of the active layer were also validated using the results reported by Dobiriski et al.,
(2010) and Dolnicki et al., (2013) by the direct probing method. It was also reported by Dobinski
et al., (2010) and Dolnicki et al., (2013) that the active layer in Svalbard is approximately 1.65-2.5
m deep. The direct sampling results reported by Szymariski et al. (2013) confirmed that the study
site is very wet and the water table is very high (around 15 cm). It was reported by Szymarnski et
al. (2013) that this study site also contains a lot of coarse sandy soils, gravels as well as around 20%
silty clay based on the direct sampling methods at the top 15 cm. Our inversion results, as shown
in Figure 2, predicted that the permafrost table is generally located at about 1.5-1.9 m below the
ground surface, which is consistent with the ERT results reported by Glazer et al., (2020) and re-
sults reported by Dobinski et al., (2010) and Dolnicki et al., (2013) using the direct probing method.

Based on the field description of the testing site by Glazer et al., (2020), the unconsolidated sed-
imentary rock contains a high proportion of pore spaces; consequently, they can accumulate a
large volume of pore-water or pore-ice. Our inversion results showed that the porosity of the
active layer ranges from 0.56 to 0.69, which is consistent with the field description by Glazer et
al., (2020). The unfrozen water content in the second permafrost layer was predicted ranging from
0.05-0.17. Li et al. (2020) and Zhang et al. (2020) showed that the residual volumetric unfrozen wa-
ter content for silty-clay, clay, medium sand, and fine sand is 0.12, 0.08, 0.06 and 0.03, respectively.
Our inversion results predicted that soils are mostly silty-clay or clay (Section 1-3) and sandy soils,
which are also consistent with the results described by Szymariski et al. (2013). Figure [2e shows
the variation of the shear modulus of soil skeleton predicted by the proposed hybrid inverse and
multi-phase poro-mechanical approach. The predicted shear modulus in the first layer at the off-
set distance of 0 to 360 m ranges from 4 GPa to 7.9 GPa, which represents clay soils (Helgerud ET
AL. 1999). At the offset distance of 360 to 600 m, the estimated shear modulus in the first layer
ranges from 27 GPa to 33 GPa, which corresponds to soils with calcite constituents (Helgerud ET
AL. 1999). Calcite most commonly occurs in sedimentary rock or gravels (Schmid et al., 1987),
which is consistent with the field description given by Glazer et al. 2020 and Szymanski et al.
(2013).
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