On behalf of all the authors | would like to thank Reviewer#1 for reading our manuscript and
providing valuable comments.

The authors of this manuscript (ms) estimate the climate impact of released methane from oceanic gas
hydrates in the Arctic to the atmosphere towards the end of the 21st century by integrating hydrate
stability and atmospheric modeling. The estimated gas emissions to the atmosphere are used to
calculate the change in radiative forcing, which is novel as far as | know.

Although it is quite clear that a lot of work has gone into this project, my main concern is that, in its
current form, the paper does not clearly present truly novel results. More specific questions and
comments on the ms are outlined in the text below.

Method and novelty

Estimates of future methane gas emissions to the atmosphere from dissociating marine hydrate
deposits have been the subject of several previous publications using the same or similar methods. The
method applied here, referred to as the hydrate stability approach in Stranne et al. (2016a), is based on
calculated changes in the GHSZ thickness over time, as a result of an assumed seafloor temperature
increase. Any hydrate situated in the destabilized sediment volume is then assumed to be dissociated
instantaneously and the produced methane gas is assumed to be released instantaneously into the
ocean (and atmosphere). There are significant problems with this approach, but if we leave that for
now (I will get back to that later on in this review), I still have concerns regarding the motivation for
this paper. The hydrate stability approach has been applied, for the same purpose as in the present ms,
in at least three previous publications:

Biastoch et al. (2011): Hydrate saturation estimates of 2.4% (60—70°N) to 6.1% (north of 70°N) based
on ODP data and numerical modeling (Klauda & Sandler, 2005). They conclude that “Under transient
conditions we estimated an additional average methane flux of only 162 Mt CH4 yr—1 from melting
Arctic hydrates over the next 100 years (auxiliary material) — a value lower than the current
anthropogenic input of (600 Mt yr—1)”.

Hunter et al. (2013): Similar to Biastoch but they include predicted sea level rise, and they assume a
hydrate saturation of 1%. They claim that “Predicted dissociation rates are particularly sensitive to the
modelled vertical hydrate distribution within sediments” and they conclude that “Under the worst case
business-as-usual scenario (RCP8.5), upper estimates of resulting global seafloor methane fluxes
could exceed estimates of natural global fluxes by 2100 (> 30-50 Tg CH4 yr-1), although subsequent
oxidation in the water column could reduce peak atmospheric release rates to 0.75-1.4Tg CH4 yr-1”.
This is about 0.2% of the natural and anthropogenic CH4 emissions.

Kretschmer et al. (2015): Also similar but with initial hydrate saturation based on modeling rather than
assuming a certain homogeneous saturation. They state: “Most important is certainly the inventory
calculation. The constant mean hydrate pore filling of 2.4% to 6.1% in Biastoch et al. [2011] led to a
much higher inventory of 9000 Gt C for the present climate”. Kretschmer (2015) arrive at the almost 2
orders of magnitude lower value of ~116 Gt C. Yet, they reach a similar conclusion as was reached in
Biastoch (2011), Hunter (2013) and also in the present paper: “Compared to the present-day annual
emissions of anthropogenic methane, the amount of methane released from melting hydrates by 2100
is small and will not have a major impact on the global climate.”

1) As was noted by both Kretschemer et al. and Hunter and al., the results from the hydrate stability
approach is particularly sensitive to the assumed initial hydrate inventory. But even with assumptions
on the initial hydrate inventory differing by 2 orders of magnitude (!), Kretschmet and Biastoch end up
with the same conclusion: no major impact on the global climate over the next 100 years. In the light
of this, I do not understand the motivation for the present study.

The reviewer correctly points out previous publications, which has suggested that methane from
melting hydrates has a minor impact. We have included and directly expressed these conclusions in
the introductory chapter in the manuscript. However, it is obvious that the fate of the released methane
and its impact on the atmosphere has not been quantitatively analyzed before. Thus, we have not only



estimated the radiative forcing of potential methane release from hydrate dissociation in the future to
global warming but also if this can trigger a significant feedback effect. The Arctic, warming faster
than other parts of the world, is an excellent region to test and add new knowledge to existing
modeling exercises.

We further underscore that scientific consensus can only made through several independent groups
analyze the available research data in objective ways with their best methods and assumption and also
questioning earlier published estimates (for eg. Knutti et al., 2017, Beyond equilibrium climate
sensitivity, Nature Geoscience, 10, 727). The potential for large methane releases from hydrates have
been a research topic highlighted as an uncertain factor under global warming. Some recent papers
have appeared as mention by the Reviewer, but the scientific community should welcome further
studies from independent research groups.

2) One difference between this ms and some previous efforts is that yearly averages of seafloor
temperature from CMIP model outputs are used here. From my understanding, combining the hydrate
stability approach with interannual variations in the seafloor temperature forcing can be difficult.
Consider a warming period, during which the GHSZ thins and methane gas forms (which in this
approach is assumed to be instantaneously released to the atmosphere), followed by a cooling period
where the GHSZ is partly restored (this can happen, even if there is a general warming trend, and is
reflected in the wiggles seen in Fig. 2b). It is then important to keep track of the fact that some of the
gas was already released during the previous warming period, when estimating the gas emissions
during the next warming period. Otherwise the same gas will be counted as being released twice (or
more). An easy way to get around this problem is to follow the approach of Biastoch et al. and
Kretschmenr et al., where the linear warming trend for each grid cell is applied. I think the authors
need to reassure the reader that the problem of “double counting” gas emissions has been considered,
or explain why this would not be a problem.

The reviewer raises a valid point here. The temperature fluctuations are within 1-2 °C per year in most
of the regions and such yearly variations are not too different from seasonal fluctuations that affect the
shallowest ~10 m of the sediments (for ex. see Berndt et al., 2014), if they don’t persist for longer
periods. The gas flux during this period will depend on the permeability of sediments. Stranne et al
2017, show that hydraulic fractures are the preferred pathways for methane release in low-
permeability sediments, thus have the potential to channelize a flow that is faster than the flow through
permeable strata. We argue that dissociating hydrates at very shallow depths (0-10 m) are indeed more
likely to release the methane faster than methane coming from deeper zones along fractures. Thus,
chances of double counting the gas emissions exist, but introduces a relatively small error. Instead, the
error that could arise from double counting is within the general uncertainties of the model and the
final estimations. We will discuss this in the manuscript.

The estimated gas emissions to the atmosphere are used to calculate the change in radiative forcing.
This is novel as far as | know.

Present day hydrate inventory

One of the most sensitive aspects of the approach used in this ms is the estimate of the present day
hydrate inventory. This is pointed out explicitly by both Hunter et al. (2013) and Kretschmer et al.
(2015).

The authors of the present ms write: “we adopt hydrate saturation estimates derived from analysis of
ocean-bottom seismic data from offshore Svalbard (Hustoft et al., 2009;Chabert et al.,
2011;Westbrook et al., 2008). Based on these studies, we apply a constant hydrate saturation of 9 + 3
% of pore space throughout the gas hydrate stability zone in the Arctic sediments.”

3) The assumed 9% homogeneous hydrate saturation is the largest assumed saturation I have seen, and
considering the importance of the assumed initial saturation (as stated above), the authors need to
explain how they arrived at this number in much greater detail. My opinion is that they should also put
forth convincing arguments to why this number should be representative for the whole Arctic Ocean.
Personally, for reasons presented below, | believe this is a severe overestimate.



4) The 9% saturation assumed in the present manuscript is substantially larger than what is assumed in
Biastoch et al. (2011): 2.4% (60—70°N) to 6.1% (north of 70°N). Yet, the authors end up with a
significantly smaller present day hydrate inventory in the Arctic Ocean (2500 Gt C) compared to
Biastoch et al. (9000 Gt C). There must therefore be some serious differences in terms of estimated
sediment porosity (or possibly definition of the Arctic Ocean). The authors should discuss these
differences, as there seems to be an error or an erroneous assumption in one of these two calculations.

5) It should be noted that Biastoch et al. (2011) based their estimate on the work by Klauda and
Sandler (2005), and that those results stick out in comparison with other estimates (see Fig. 1 below).
The Klauda and Sandler estimate is actually more than one order of magnitude larger than any other
estimate. In the light of this, | think it is hard to defend the assumed 9% hydrate saturation, as it is
even higher than the assumption made by Biastoch et al. (and quite significantly so).

Hydrate saturations presented in this study derive from established methods (IODP and Malik wells)
using seismic velocity analysis and range from 6 -12 % of porespace of sediments. We have used this
range, as these are the best and very likely, only estimations of hydrate saturation in the Arctic from
field data. Thus, we used 9 % as mean hydrate saturation. Hydrate saturations vary regionally from
zero to nearly 100 % strongly depending on local geologic settings. It has been shown from drilling
that focused fluid flow regions can host large deposits of hydrates (>25 % of pore space) (Trehu et al
2004, ODP drilling on hydrate ridge, Bohrmann et al 2017, our own drilling campaign using MEBO in
cooperation with MARUM on Vestnesa Ridge). Clearly, detailed distributions of hydrate within the
pores space of sediments within the GHSZ is difficult to constrain. Constraining these locations is a
challenge and we acknowledge that there are uncertainties associated with our approach as with any
other approach. Considering the variability of gas hydrate systems, a homogeneous saturation of 6%
(which the reviewer considers to be ‘okay’) or 9 % does not necessarily significantly change the
overall uncertainty.

As the reviewer already mentioned, hydrate saturation is one of the key parameters in estimating
hydrate inventories within volumes of sediments. However, one of the few major parameters that are
seldom discussed in detail for similar studies are geothermal gradients/heat flows. They are one of the
most important constraints for the gas hydrate stability zone thickness estimation. For example, at 500
m water depth, a change in thermal gradient from 45degC/km to 50degC/km can shift the GHSZ by
~25m. For lower thermal gradients, this effect is even larger. It can have a major influence on the
stability zone thickness and thus on the calculation of the final gas hydrate and gas inventories. Our
study uses the most recent heat flux estimates for Arctic regions (see supplementary). This appears to
be the major reason for the difference between our estimate and the ones by Klauda and Sandler
(2005) and Biastoch et al. (2011). Drilling campaigns in the future will provide the quantitative
calibration points needed for more accurate assessments!

Fig. 1 Global estimates of methane hydrate inventories. Taken from Kretschmer et al. (2015).

6) The high saturation suggested by the authors is especially troublesome when considering the results
presented by Miller at al. (2017). They studied the pore water chemistry of 32 sediment cores taken on
the shelf slope along the East Siberian Sea. They conclude that the data “strongly suggest that gas
hydrates do not occur on any of our depth transects spread across the continental slope in this region of
the Arctic Ocean”. They state that “This contradicts previous modeling and discussions, which due to
the lack of data are almost entirely based on assumption”.

This issue has been discussed in the above reply and we acknowledge that there are uncertainties in
our ‘modeling’ as in any other modeling exercise. It cannot be more accurately estimated with enough
confidence since targeted drilling campaigns are still missing.



7) Also important in this context is the assumption of a homogeneous methane hydrate saturation. It
was shown by Stranne et al. (2016b) that this assumption is not appropriate. Due to lowering of the
relative sea level during glacial periods, the hydrates in the upper part of the present day GHSZ would
have been dissociated and outgassed during these periods of time. The forming of a hydrate deposit is
slow, and the effect of such outgassing has therefor a very large impact on estimates of future methane
gas emissions in the Arctic Ocean. This aspect should at least be mentioned.

We agree with the reviewer and appreciate for pointing this out. We will discuss this in section 4 of
the manuscript.

The authors state that: “this manuscript is not an effort to improve on the methodology or the estimate
of hydrate volume in the Arctic marine sediments”. However, as I have outlined above, the outcome of
the modeling exercise performed in this ms is sensitive to the assumed present day hydrate inventory,
and it needs therefore to be treated with some care. An updated and more realistic estimate of the
present day hydrate inventory would have made a nice contribution in general, and one that would
benefit the hydrate modeling community in particular.

The statement was added to the manuscript so that we focus the attention more towards the novel part
of the manuscript ‘estimating the impact of released methane on the atmosphere’. We understand that
there are a few articles dedicated to improving global/arctic hydrate inventories or methodologies and
we wanted to highlight clearly that this article is not such an effort. Instead of solely focusing on the
hydrate modeling part, our approach models the transport of methane through the combined solid
earth-hydrosphere-atmosphere system. We do not understand: what is a ‘realistic’ estimate of the
hydrate inventory at this stage of the modelling which the reviewer is suggesting here. As shown in the
figure by the reviewer, global hydrate inventories vary significantly over the last 20 years. The most
recent estimate for the Arctic by Marin-Moreno et al 2016 puts the inventory at 540 GtC, which is
almost 5 times the estimate before that by Kretschmer et al., 2015. Our mean estimate is also 5 times
the Marin-Moreno estimate (or 3 times if you consider the lower limit). At this point, the input
numbers provide more the actual range of a natural and very dynamic system that has to be
considered.

Methane oxidation within shallow marine sediments

8) P13L294 — The authors mention that methane is consumed in shallow sediments. Considering the
main objective of the present ms it might be appropriate to discuss this in a little more detail. There are
many publications on this subject. For example, according to Boetius & Wenzhofer (2013) the
proportion of methane consumed varies with fluid flow rate, ranging from 80% in seeps with slow
fluid flow to less than 20% in seeps where fluid flow is high.

We have added a few sentences to discuss this in the manuscript.

The hydrate stability approach

The authors state: “In our estimate, we assume no heat changes during hydrate dissociation or gas
retention in sediments, and no delay in the time taken for the gas to migrate through the sediments to
the seafloor. These effects may slow-down methane flux to the water column in the short term (100
years) by up to >70% (Stranne et al., 2016a)”.

9) The formulation “up to more than 70%” seems a bit odd to me. Perhaps it would be more accurate
to simply state “more than 70%”? Furthermore, it is not clear to me how the authors ended up with this
number. Stranne et al. (2016a) conclude that on a centennial time scale, the hydrate stability approach
can overestimate gas escape quantities by orders of magnitude.

It is taken from Stranne et al., 2016b, ‘Dynamic simulations of potential methane release
from East Siberian continental slope sediments’.

10) Summary



a. Due to neglected dynamic processes (the endothermic dissociation reaction and the fact that it takes
time for the produced gas to reach the ocean), Stranne et al. (2016a) showed that the method applied in
this ms severely overestimates gas emissions (possibly orders of magnitude).

This point has been mentioned in the manuscript. At this point, applying a dynamic multi-phase flow
model for a very large region such as the Arctic Ocean is not feasible considering the large volume of
input data such models demand and may result in even higher uncertainties. Thus, our approach uses
the best available multi data set and presents a feasible way of analyzing the impact of methane release
from the Arctic.

b. In addition, the assumed hydrate saturation is probably largely overestimated (see Fig. 1 above, and
points 5-7), and it has been shown that the hydrate stability approach is sensitive to the assumed
hydrate saturation (Kretschmer et al, and Hunter et al.).

This issue is covered in previous replies

c. Stranne et al. (2016b) showed that the estimated seafloor gas emissions are reduced by almost an
order of magnitude when the effect of glacial-interglacial sea levels is considered (not considered in
the present study).

This is addressed in reply to point a.

d. Also, the authors do not take into consideration consumption of methane within shallow sediments
and by benthic communities.

This is hard to constrain due to the diversity on the scale of the Arctic Ocean. We acknowledge this
uncertainty and will add this to the model uncertainties section.

e. Overall, the Biastoch results should be regarded as hugely overestimated - Kretschemr et al. arrived
at an estimate that is more than one order of magnitude smaller, and this is without considering points
a, c and d above.

Kretschmer et al. arrived at a lower number due to the difference in methodology of estimating hydrate
inventory. They use organic matter content in the sediments and sedimentation rate to estimate the
hydrate saturation. Since their initial hydrate inventory was small (an order of magnitude different
than our estimate), naturally the resulting emissions were also smaller. The most recent study by
Marin-Moreno etal 2016, which uses similar methods as Kretschmer et al. 2015, arrive at an inventory
up to 5 times large than presented in Kretschmer et al. 2015.

f. Considering that Biastoch et al. reached the conclusion that these emissions will not affect the global
climate, | do not see how yet another overestimate of future methane gas emissions is contributing
with new knowledge.

This final conclusion by the reviewer here highlights the reason for adding the following sentence to
the manuscript, which was mentioned in the review earlier “this manuscript is not an effort to improve
on the methodology or the estimate of hydrate volume in the Arctic marine sediments”. The reviewer
considers improving the hydrate inventory as the focus of the paper, which it is not. The novelty of
our article relates to presenting an upper limit of methane release to the atmosphere and radiative
forcing of that methane over a centennial scale which, as far as we know, quite new and has not been
performed in any other studies. As far as we know, our study is the only one which models the
combined solid earth-hydrosphere-atmosphere system.



I do wonder if an easier way to arrive at the conclusion reached in the present ms (that the change in
radiative forcing is negligible) would be to calculate the change in radiate forcing based on emission
estimates from previous publications. | also wonder if there already exist studies on the radiative
forcing sensitivity to changes in the methane gas emissions. In that case the answer to the main
question, regarding changes in radiative forcing due to marine hydrate dissociation in the Arctic,
would have been readily available before writing this paper.

As | have already pointed out, | do not fail to recognize the amount of work that has gone into this
project. | also realize that my critique is quite harsh. Some of the criticism presented above may be
incorrect or irrelevant, and | hope the authors will be able to counter such critique without too much
effort.

Specific comments on the text

P2 L20: | would delete the word extremely

Done.

11) P2 L40-41: The authors claim that gas seepage is directly connected with dissociating hydrates. As
| understand it, the evidence for this remains inconclusive. Furthermore | am not sure that the
reference to Berndt et al. (2014) is appropriate. Berndt et al. (2014) present evidence that seepage off
Svalbard has been ongoing for at least 3000 years. They state that they “found no direct evidence in
the heat flow data that would suggest that the slope sediments experienced decadal-scale warming.”
They conclude: “Thus, it is unlikely that an anthropogenic decadal-scale bottom-water temperature
rise is the primary reason for the origin of the observed gas flares”. Although they suggest that
hydrates are dissociating and forming as a result of seasonal temperature variations, this would have
little to do with warming seafloor temperatures. These results seem to contradict the present ms, as
well as many previous modeling papers. It would be nice if the authors could discuss this apparent
contradiction.

The reference is removed. However, they do suggest that hydrates modulate the seepage locations by
controlling free gas migration. This might be the primary reason for seepage at the pinch-out zone of
GHSZ. Same has been also put forward in a recent article by Wallmann et al 2018. They state

"Our data and model results also show that gas hydrates are not in themselves a significant
source for gas release at the seabed. Rather, they act as a dynamic seal that blocks fluid-flow pathways
for gas migration from deep geological reservoirs. Previous estimates of seafloor methane emissions
by ongoing and future gas hydrate decomposition consider gas released from hydrates but ignore the
potentially more significant increase in flux from underlying gas reservoirs upon hydrate dissociation.
Hence, the impact of future seabed methane fluxes on global environmental change may yet be
underestimated, and further research is required to quantify the flux from deep natural gas reservoirs
amplified by deterioration of the overlying hydrate seal”

In fact, the free gas under the hydrate seal is important and is not considered in our paper or earlier
methane estimates. We have now mentioned this in the uncertainties. This will actually increase the
amount of methane release in to the Ocean/Atmosphere.

12) P5L110-111: It is stated that the Oslo CTM3 model was run with the extra methane flux until the
atmospheric methane burden reached a new equilibrium. I do not understand this method, and the
authors could perhaps describe this procedure in some more detail. Was the CTM3 run to a new
equilibrium after each new yearly addition of methane to the atmosphere? Why equilibrium and not
transient model run over the 21stcentury?

We have added the following sentence to make the paragraph clearer: ‘“This would then represent a
perturbation to the methane abundance at the end of this century without the requirement to make
transient simulation over the full century.’



We have used this approach since a full transient simulation would be very computer extensive.

P7L158: The year of maximum release seems irrelevant. Variations in ocean temperature output from
coupled global climate system models are not predictions of the actual future year-to-year variations
but represent the climate variability.

Sentence removed

13) P8L168-170: The estimate for the Arctic presented in the Kretschmer et. al. (2015) paper, of 140
Mt carbon, should be mentioned and should be compared to the estimate in the present ms. The
difference is two (!) orders of magnitude and is thus not in agreement.

The sentence referred to here shows the reduction of initial hydrate volume which is similar to
Kretschmer etal estimate. We agree that our estimate is two orders of magnitude higher than
Kretschmer et al estimate. A sentence is added to the manuscript comparing these estimates.

P8L174: For the many reasons given above (points 9 and 10a-d), | do not think it is accurate to
describe this number as a “lower limit”.

We agree and the wording ‘lower limit’ is removed.

14) P8L183: The Marin-Moreno reference is a study conducted for the South Shetland Margin,
Antarctic Peninsula. | assume the authors meant (Marin-Moreno et al., 2015). However, the number
taken from this study is the maximum rate. It is very important to note in this context that there is zero
methane gas emission before year 2060-2085 (depending model run). Note also that Marin-Moreno et
al. claim that their estimate is more than one order of magnitude lower than the Biastoch estimate, and
that the estimated emissions in the present ms is more than 30% larger than the Biastoch estimate.

Yes, we didn’t mean the study from Antarctica, but from West Svalbard. It was an error in the citation.
The correct reference is now added

P13L.299: Incomplete sentence.

Corrected
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