We would like to thank the reviewer for their evaluation of our study and their detailed
and constructive comments, which definitely helped to improve our paper.

Reviewer 1

General comments:

This manuscript tests a coupled hydrological/geophysical inversion scheme combining
the Community Land Model (CLM) and the Boundless Electrical Resistivity
Tomography (BERT) model for estimating organic carbon content as well as hydraulic
and thermal soil parameters at an Arctic permafrost site. The inversion is conducted by
combining two Markov chain Monte Carlo algorithms to infer uncertainties of the
estimated model parameters. The modeling exercises are exclusively based on synthetic
simulations where a set of scenarios for predicting the model parameters and the related
uncertainties is investigated. The manuscript is very well written and even though it is
solely based on synthetic simulations, it fits well into the scope of The Cryosphere. The
applied inversion scheme is at the forefront of algorithms applied in the field of
hydrogeophysical inversion so far, e.g., also considering uncertainties. While being ap-
plied in hydrological research rather frequently, to the reviewer’s knowledge, it is one of
the first being applied in a permafrost modeling study. The research question (estimating
soil organic carbon content under freeze/thaw conditions) is challenging and justifies to
test the approach based on synthetic simulations. I have one major com-ment that I would
like to see elaborated in a revised version of the manuscript. Then I am looking forward
to seeing the paper published in The Cryosphere.

Major comment:

While I am very excited by the inversion approach, I am missing a derivation of the
relationship between OC and the measured state variables (apparent electrical resistivity,
soil moisture, soil temperature) that should be the basis for a successful, hence, a related
section should be added to the revised manuscript including the respective references. In
that context I am also somewhat disappointed about the selection of scenarios chosen for
testing the inverse parameter estimation as well as the related discussion because I am
often missing the physical basis (= discussion of relationships between different
parameters or parameters and models) — please see also specific comments below.

Reply: We added text describing why we can estimate OC content from soil liquid/ice
content, soil temperature and resistivity at lines 7-15 page 3 in the revised version as
below:

Because OC and mineral content largely influence hydrological-thermal parameters (i.e.,
thermal conductivity, heat capacity, hydraulic conductivity and retention curve; see
Appendix A), they are the main soil properties that control the subsurface hydrological-
thermal dynamics. As a result, OC and mineral content can be potentially obtained by
inverting observations of hydrological-thermal state variables (i.e., soil liquid/ice water
content and soil temperature) and their correlated observables (e.g., electrical
resistivity). However, so far there has been no effort using this approach to indirectly



estimate these soil properties.

Specific comments:

P 1, L 2: Better use “Soil Organic Carbon Content” here.
Reply: This has been corrected.

P 1, L 17: This already relates to my major comment above but even more to the
description of the physical relationships later on in the manuscript: In order to be able to
estimate OC content, there must be a physical relationship between liquid water content,
temperature, apparent electrical resistivity and OC which needs to be elaborated and
explained clearly and which should also be the basis for defining the scenarios.

Reply: As presented in the main comment, we explain these relationships in lines 17-20
page 1, lines 7-15 page 3, line 27-28 page 4. Detailed equations concerning these
relationships are presented in the Appendix A.

P 1, L 20: Please provide examples for land surface processes (“such as...”) P 1, L 24: 1
would prefer to use "liquid water content and ice content" here.

Reply: Some examples of land surface processes (solar radiation balance,
evapotranspiration, snow accumulation and melting) have been added to the revised
manuscript (lines 21-22, page 1).

“liquid water content and ice content” have been used (line 25, page 1).

P 2, L 22-25: Please add references and values for all listed properties here. P 2, L 30:
Please correct “into a land surface model”

Reply: These values come from CLM model as described by Farouki (1981). The
reference has now been added to the revised manuscript (lines 27, page 2).

P 3, L 9: Please correct “used a single dataset”
Reply: Correction has been made

P 3, L 14-26: There are also numerous studies from Europe and Asia that use geophysics
to study PF processes which should be honored in this short review as well.

Reply: The following paper was added to the review (lines 22-24, page 3):

Schwamborn, G. J., Dix, J. K., Bull, J. M., & Rachold, V. (2002). High-resolution seismic
and ground penetrating radar—geophysical profiling of a thermokarst lake in the western
Lena Delta, Northern Siberia. Permafrost and Periglacial Processes, 13(4), 259-269.

P 4, L 10: Please correct “freeze-thaw”, however freeze-thaw does not necessarily require
the presence of snow

Reply: “snow-free” was removed. ‘‘freeze-thaw” was corrected
P 4, L 15: Which property? Please clarify.
Reply: we modified that sentence as below (lines 24-85 page 4):



Building on recent advances in the use of electrical methods in the permafrost (e.g.,
Minsley et al., 2016, Dafflon et al., 2017) as well as coupled hydrogeophysical inversion
approaches described above, this study focuses on the development of an inverse
approach that uses single or multiple datasets (soil liquid/ice, soil temperature and
electrical resistivity) to estimate OC content, which is a main factor that governs the
subsurface hydrological-thermal dynamics

P 4, L 32-33: Here the authors refer to the dependence of apparent resistivity to ice/liquid
water content and soil temperature. I completely agree. But where is OC?

Reply: Please see the explanation in the main comment. We want to clarify that OC is not
directly related to the above properties through a petrophysical relationship. Instead OC
influences hydro-thermal dynamics that in turn influence soil temperature and soil liquid
water content. Thus, they are indirectly related. This also means that OC could not be
directly derived using a petrophysical relationship only (except if we assume a strong
correlation between water content or porosity and OC, for example). The challenge
associated with this indirect relationship strengthens the value of using joint inversion.

P 5, L 25: Here the authors use theta as variable for the parameters. In the appendix the
same variable is used for soil moisture. I suggest to choose another variable for the
parameters as most of the readers of TC will be used to theta as variable for soil moisture.

Reply: We used “p ’to replace theta for parameter vector.
P 6, L 26: Please number figures in the order they appear in the manuscript.

Reply: Figures were reorganized

P 6, L 27: I think this should read “in the topsoil active layers”.

Reply: This was corrected.

P 7, L 8 to end of section: I suggest to move this part of the section to the results section.
I think the important message from this exercise is that porosity needs to be considered in
the model as soon as OC and mineral content are distinguished. I suggest to draw this
conclusion and design or select the scenarios accordingly.

Reply: In this section, we considered the two cases: 1) soil porosity is a function of OC
and mineral content and 2) soil porosity is independent from OC and mineral content.
Then, we plotted the variation of thermal conductivity, heat capacity and thermal
diffusivity as a function of OC, sand content and liquid saturation for the two cases. Our
key message is that when soil porosity is determined by OC and sand content, the soil
thermal properties are more sensitive with the variation of OC and sand content. Hence,
we interpret the hydrological-thermal dynamics to be more sensitive to OC and sand
content, and therefore, associated properties will be estimated with lower uncertainties.
We tested this assumption by comparing scenario 8 and 9 (section 3.2.4).

Because consideration of two cases related to the change of structure of CLM we will
keep this section here.

P 7, L 24: Replace “the figure” by “Figure 2” P 7, L 29: Please correct “depend”



P 7, L 30: Please correct “to a quick change”
Reply: These were corrected

P 8, L 6: The authors chose to use Archie’s Law here (please add reference). I am not an
expert in ERT analysis but is it also applicable for soils with high OC? If yes, the
relationship to OC would be in the porosity and the soil electric conduction (OC being a
volume fraction of soil matrix then). How does Archie’s Law deal with ice content
(reduced porosity with ice in fact being a part of the soil matrix now)? As far as I see, ice
content is only considered to calculate pore water conductivity but no changes in
porosity. I would like to ask the authors to elaborate on that in this section.

Reply: This is very interesting observation of the reviewer that has not been explored
before to our knowledge. Yes, in this case, the ice content does not influence the Archie’s
model. We added below sentence to the revised version (lines 27-29 page 8):

It is worth noting that the reduction of porosity due to ice content in this study was not
considered. How ice content influences the Archie’s equation will be considered in the

future research.

P 8, L 27: Does this formula also apply to organic rich soils? Pleas add a reference. P 9, L
12-16: Long sentence and difficult to understand. Can you split it into two?

Reply: PS8,L27: This equation considers the relationship between temperature and
electrical conductivity, so it can be used for organic soils. The reference was added.

P9, L12-16: We modified the sentence as below (lines 1-5 page 10):

The deterministic optimization algorithm was used to approximate the initial set of model
parameters and initial covariance matrix of the proposal distribution for stochastic
optimization. Consequently, the estimated parameters are more rapidly obtained than
only using a single stochastic algorithm with arbitrary initial parameters.

P 13, L 3-6: This information is not essential for the manuscript and can be removed. (L5:
Please correct "used™.)

Reply: This sentence introduces the site study that we used for synthetic simulation. For
clarify, we modified it as below (line 3-5 page 14):

The synthetic column was developed to mimic typical soil and petrophysical properties
associated with a high-centered polygon at an intensive study transect (NGEE-Artic,
Barrow, Alaska) (Figure 4).

P 13, L 16: This is not so relevant for the synthetic study but probably for real-world
cases to be carried out in future: As we are dealing with soil layers here, is it really
reasonable to interpolate the measurements? Often we observe distinct soil horizons and
also very distinct "jumps" in soil properties at layer boundaries and more constant
properties along the different soil layers. Another aspect: how would ERT measurements
have to be inverted considering gradients in layer properties? Please rethink whether
interpolation is reasonable here.

Reply: As shown in Figure 3 and equation 19, we have distinct top and bottom layers
with constant properties. We only interpolated soil properties of the layers between these
two layers (from 0.015 to 1 m). We agree that various approaches could be considered
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for the problem of interpolation/layers. For real-world application, the choice will likely
be guided by the type of observed variation.

P 13-14: Scenarios: As already stated in the general comments I am a little wondering
about the chosen scenarios. It would be helpful if to each set of scenarios a short
explanation would be added why exactly these scenarios were chosen. In that context, I
have the following questions which I would like to ask the authors to elaborate in the
revised manuscript: Where is the relationship between OC and apparent resistivity in
scenarios 1 and 2? Maybe this requires further explanation but as far as I see, in Archie’s
Law (eq. 4) OC primarily contributes to sigma via porosity and the soil’s electrical
conduction (which is fixed in this case however). So you basically vary a parameter in
Archie’s Law (or the BERT part of the scheme) whereas the "true" OC is modeled in
CLM. How does that work? Is it reasonable to use electrical resistivity only as target
variable? P 16, L 5-7: "This indicates that the apparent resistivity data is insensitive to
OC content at z=0.6 m. This is reasonable, because this depth is within the permafrost
(see Figure 12), where temperature insignificantly changes over time.“ > so apparent
electrical resistivity depends on temperature but not on OC?

Reply: The purpose of each scenario was presented in the initial manuscript. It is at lines
5-20 page 15 of the revised version.

The electrical resistivity can be used to estimate OC and sand content because it relates
to soil temperature and soil liquid/ice content. Because below 0.6 m, water is frozen and
temperature shows insignificant variation, the resistivity does not change over time, and
therefore, it is difficult to estimate OC content below 0.6 m.

P 14, L 26-31: It would be nice to have the time series plots (cf Figure 12) already here
including the apparent electrical resistivity data. Why didn’t the authors decide to use the
same time span for temperature and liquid water content? The changes in moisture and
temperature (expept for layer 1) are rather low which I presume to be the main reason for
the large uncertainties discussed later on. Hence the set of measurements is not really
ideal for testing the inversion scheme. In order to obtain good parameter fits, the ranges
in state variables where the model is fitted to should be large. Unfortunately this applies
then to all tested scenarios.

Reply: For electrical resistivity, each time we have multiple values so it is better to show
results in 1:1 plot.

The reason we did not use the same time span for temperature and soil moisture is that
during the winter season, soil temperature still show relatively large variation so it
contains information for parameter estimation. Hence, we selected temperature data in
both winter and summer season. However, soil liquid is nearly equal to zero over the
winter so it does not contain any information for parameter estimation. Therefore, we
only selected soil moisture data in summer season to reduce the computation time.

P 14, L 26: I guess, this should be figure 11?

Reply: This sentence is about the procedure to perform synthetic simulation so it should
be figure 5.

P 15, L 8: please correct: “uniformly”



P 15, L 15: Please correct “...8 and 9 is larger...”

P 15, L 20: Please correct: “influence of measurement error” P 15, L 21: delete “of”

P 16, L 21: Please correct: “jointly”

Reply: These errors were corrected

P 16, L 23-25: "These synthetic experiments suggest that given this depth is located
within the permafrost (see Figure 12), the apparent resistivity, liquid content and
temperature data are insensitive to OC content.“ Why? Please explain. I presume the

uncertainties are so large because there are almost no changes in state variables the model
is fitted to.

Reply: Yes, our explanation is shown in lines 8-10, page 18 as below:

This is because within the permafrost, the soil temperature and ice/liquid content exhibit
much smaller variations than in active layer, in both time and space.

P17, L 9-17: I do not understand Figure 9. Why is reasonable to test correlations between
all estimated parameters? What determines when a parameter is reliably estimated?

Reply: Figure 9 is plotted to observe the parameter variation and correlation between
estimated parameters. A parameter is more reliable if it has narrow variation range and
is independent from other parameters.

P17, L 29: remove "are*

P 17, L 31: So do "thermal parameters* mean ice content here?

P 18, L 18: Please correct "confidence interval*

P 18, L 26 to end of paragraph: Figure 12 is missing in manuscript. P 19, L 30: Please
correct "in a 1-D soil column*

Reply: These were corrected.

"thermal parameters* in this case mean thermal conductivity and heat capacity. We
added these explanations in the revised version.

P 20, L 5-7: Again: Here the authors relate the large uncertainty to the missing range in
tempera-ture and moisture. However, again: Which are the properties that are related to
OC? It’s neither directly temperature nor moisture.

Reply: The OC determines the thermal conductivity and heat capacity and thus governs
the soil moisture and temperature dynamics.

P 20, L 13-15: Also here a more detailed conclusion would be helpful: In which way does
the joint inversion help to constrain the model? How to the various measurements and
models contribute here?

Reply: When we have more measurement data, we have more information about
hydrological-thermal dynamics. For example, we only have soil moisture and soil
temperature at a few locations. When ERT data are available, it supplements information
in the whole soil profile. However, compared to soil moisture and temperature



measurement, ERT data show more limited spatial resolution. So by combining them
together we can better constrain the inversion.

How to the various measurements and models contribute here?” 7/ese measurements can
contribute to the inversion via the posterior distribution formula. We added explanations
in line 28 page 10 — line 4 page 11 as below:

Intuitively, 6# works as an inverse weighted factor of contribution of measurement ¥, to
the posterior distribution p(Y|p). A measurement with a higher variance of measurement
error has a smaller contribution to construct the parameter posterior distribution. In
addition, for joint inversion, a? helps to removes the influence of measurement units of
different data types.

P 20, L 17-19: ... and the small range in "measured* soil moisture states.
P 21, L 1-2: This information is not relevant for the study and should be removed.
P 21, L 4-11: Also not relevant here — please remove.

References: Please check references for typos, also check that the European "Um- laute"
are in-cluded in names (e.g. Etzelmiiller)

Reply: These were corrected

P 22, L 13: only cite papers which are at least accepted Appendix A: Definitions for most
oft he parameters are missing.

Reply: The cited paper was accepted and in press. The definitions of parameters in
appendix A were added in the revised version.



Reviewer 2

I enjoyed reading your paper and the authors of the paper describe an interesting
combination of coupled hydrogeophysical inversion using also thermal properties. The
investigation of uncertainties and to analyze the influence of different data sets to
improve the results is a very interesting topic and highly important for coupled
inversions. Coupled hydrogeophysical inversions have been widely used in the last years,
but the extension to thermal parameters is still rare. Generally, I think the paper is well
written and all the important steps are nicely explained. I have some minor comments
that could help to make same things clearer and improve the manuscript. After addressing
them I recommend publication.

1. Introduction: Please discuss in more detail coupled hydrogeophysical inversion in
terms of other geophysical methods. What are the benefits of ERT compare to GPR or
seismic and why did you prefer this for you study. Mention the resolution of different
methods and what are the limitations of what can be obtained.

Reply: We added text describing why we chose to develop the hydrogeophysical inversion
approach using ERT in the revised version as below (lines §8-14, page 4):

Of the geophysical techniques commonly used for monitoring the shallow subsurface,
ERT is increasingly common because it can autonomously provide 2- or 3-D time-lapse
measurements with a relatively high spatial resolution, is sensitive to properties
influencing hydrological-thermal dynamics, and is particularly suitable for field
deployment over a long period of time. As a result, we use ERT data in this study.

2. Regarding the ERT data: a. Page 13: It would be nice to show also one ERT transect
from the measured data and indicate the defined boundaries and structures in there. b.
Please give more information of the ERT and the inversion. How reliable are the ERT
results at a depth of 0.1m when using a spacing of 0.5m? c. Page 14, last paragraph:
Considering measurement errors are highly important, but did you also consider
uncertainties of the actually layer thicknesses obtained by the ERT?

Reply: a) Figure 4 was modified to add an inversion of ERT data collected at the Barrow,
AK site on August 2013. The permafrost and active layers shown in the electrical
resistivity map are discussed in the caption based on their resistivity values.

b) As shown in Figure 4, ERT results at depth of 0.1 m are not clearly distinguished. That
is the reason why joint inversion of ERT with soil liquid and soil temperature helps to
improve the parameter estimation.

¢) In coupled hydrogeophysical inversion, subsurface state variables (soil liquid/ice
content and temperature) within the hydrological computation domain are transformed
into resistivity values within the BERT computational domain. After that, the forward
BERT model is used to simulate ERT data (resistance and inferred apparent resistivity).
The simulated apparent resistivity data are then compared with the observed ERT data
(apparent resistivity) (see procedure in Figure 1). We do not perform BERT inversion so
we avoid the errors associated with geophysical inversion.

d. Page 15: Why do you use just 7 data set of the ERT, when you have data available for
every day?



Reply: We only selected the 7 ERT datasets that represent the most important events.
Adding more ERT data takes a longer time for the inversion but does not provide much
more information about system dynamics. Because additional ERT does not significantly
improve the parameter estimation, we did not include them. Still, acquiring ERT data
with higher temporal resolution than used in this study is suggested to understand and
select the datasets related to strong changes in soil resistivity (no necessarily known in
advance).

Technical corrections: The manuscript is very detailed, which is generally very good, but
please try to remove unnecessary sentences to shorten the text and to better con- centrate
on the results. Avoid sentences like “Figure XX shows. . ..”. I listed here some examples
that could shorten the text. Please check this for all the location where fig- ures and tables
are introduced. For example: e. Page 17: last paragraph. The three sentences can easily be
combined to one. f. Page 18 starting line 4: First sentence not necessary and combine
with second sentence. g. Page 19, second paragraph: Rewrite to “The comparison
between synthetic and predicted apparent resistivity data (Figure 14) shows that there is a
very good agreement between them with no bias. . ...

Congratulations on a very nice job!

Reply: Some unnecessary sentences were removed/combine as suggested by the reviewer.



