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Dear reviewers and editor,

we appreciate you all having taken time to review our submission and send valuable comments on our 
manuscript. Below we have compiled all our point-by-point replies to all reviewer comments in one 
document. They are identical to our individual reply comments in the online discussion but are 
compiled here for convenience accompanying our revised manuscript submission.

Comments of reviewer #1:

Reviewer comment:
My first concern is if the authors have made a global search during step (I) to step (III) in section 2.3 
for all the potential positions (CX, CY), the peak outflow velocity and the heat source width R. You take
UZ0=−1250 m/year in step (I), and you get an optimized location, which is used as input for step (II). 
If you take a different value of UZ0 in step(I), you would possibly get another different optimized 
location, which may have impact on the subsequent results. From Table 1, run 06-09, we can see that 
for a fixed location of (CX, CY) and changing UZ0, the resulting RMSE is sensitive to the change of 
UZ0. Therefore, global search for optimized values in the space of 3 parameters are needed. I cannot 
see how the present scheme in the paper to do so.

Authors response:
There seems to be a misunderstanding on how the parameter grid search has been carried out in our 
study, partly caused by us omitting runs that have been carried out but not analyzed in detail. To clarify 
the matter, we have extended Table 1 to include all runs performed in the study with all performance 
measures calculated. Given the computational cost of one simulation as well as the clear indication, 
that cauldron off center axis heat source locations lead to significantly worse performance(cf. 3rd 
paragraph, section 2.3), we think that we have searched the parameter space of CX, CY, R, UZ, and 
sigma extensively enough to come to the conclusions presented in the paper.
However, we thank you for pointing out that the manuscript text is also somewhat unclear on how the 
global parameter search has been carried out (following point 1.-4. in the end of section 2.2 instead of 
(I)-(III) in 2.3) and added explanatory text to the end of section 2.2 as well as the section 2.3.

Reviewer comment:
The numerical model in Section 2.2 is not completely or correctly described. I have a few questions. (1)
The boundary condition for the ice flow model is not completely described. Do you assume zero 
Cauchy stress at the ice surface? Your domain is a part of the ice cap. What is the lateral boundary for 
the side walls?



Authors response:
We will unpack theses comments step by step and reply individually.
The ice flow model BCs are indeed not fully described in the manuscript and thus we have added 
additional text to section 2.2 describing all BCs. A brief answer here is that yes we do use a zero 
Cauchy stress BC at the surface and use lateral walls (v=0) at the domain boundaries.
We took this review comment also as an opportunity to streamline our notation in the manuscript and 
now refer to ice velocities as v = (v_x, v_y, v_z) throughout the manuscript.

Reviewer comment:
(2) You take the outflow velocity as basal ice velocity, right?

Authors response:
Yes we do and we have clarified the text in section 2.2 and 2.3 to make this clear to the reader.

Reviewer comment:
(3) Is it a steady state simulation or prognostic simulation? It is not very clear. As you move the ice 
surface, I assume it is a prognostic simulation. Then what is the timestep used in Eq. (3)? In Line 88-
89, ‘a predefined time step (cf. Sect  2.3)’, but I do not see the predefined time step in section 2.3. 
Maybe you refer to sect 2.4. And how many timesteps do you use?

Authors response:
It is a steady state simulation and we have added a note on that to section 2.2. As described by equation
(3), we can move the ice surface forward in time by a moving mesh approach, thus the simulation can 
predict a new ice surface geometry after a given time interval/time step. However as we only do this for
one time step, we refrain from calling the simulation prognostic. Either way, the ice dynamics 
simulation is steady state, thus we think this is the better term to describe our overall simulation.
Thank you also for spotting the wrong reference, it should indeed refer to 2.4 and we have corrected the
manuscript.
As has already been described and justified in the beginning of section 2.4 (around line 130 now) we 
only use one time step.

Reviewer comment:
(4) The steps shown at the end of section 2.2 is not a cycle. What will you do after step 4 when you find 
bad match between the modelled ice surface geometry with reference data? Will you change the more 
iterations to make a better fit? 

Authors response:
We have not claimed that the process described in section 2.2 (point 1-4) is an iterative cycle, nor does 
it have to be one. On the contrary, we have stated clearly that steps 1-4 are there to study the suitability 
of a prescribed basal heat flux distribution. If step 4 results in poor performance measures, we manually
change the model configuration and redo steps 1-4 for a new result. How we proceed to find a well 
performing configuration is outlined in section 2.3, steps (I-III). We do think the manuscript is 
sufficiently clear on these procedures.



Reviewer comment:
(5) The outflow velocity is a vector (see Eq. (1)). However, when you mention it in section 2.3, it 
becomes a scaler, for instance, UZ=−130 m/year. It is wrong. It is not consistent. I guess UZ is only the
vertical component of outflow velocity? You need describe it correctly.

Authors response:
That is correct and Eq (1) has been somewhat misleading. We have updated equation (1) to reflect our 
conversion of heat flux to a vertical ice outflow component. Also the notation on what is a vertical ice 
velocity component was not completely consistent, as you have stated, thank you for pointing this out. 
We have corrected the manuscript to reflect that the basal ice outflow velocity has only a vertical 
component.

Reviewer comment:
The surface elevation change is caused by the surface mass balance (SMB) and the ice motion (Eq. 
(2)). Have you compared them? It would be helpful to show them. You used two approaches to 
calculate the SMB. How does the spatial distribution of SMB and its uncertainty compare with the 
elevation change caused by ice flow transportation? From Fig. 2, we can roughly guess the surface 
lowering caused by surface velocity is 3-6 m/year (blue area in Fig. 2). Could you make a plot of SMB 
distribution? Then we can know what role they play in surface elevation change.

Authors response:
We only do have three SMB survey sites for the study area and period (see Figure 1 in the manuscript). 
All of section 2.4 in the manuscript is dedicated to describe our estimation efforts for SMB and how we
correct for SMB effects in the input data. As we do not have a SMB distribution for the study area we 
unfortunately can not fulfill the request of rviewer #1.

Reviewer comment:
The ice flow model is named Elmer/Ice, see its website. So please change all the Elmer-ICE to 
Elmer/Ice.

Authors response:
Done, thank you.

Reviewer comment:
Line 59, as I understand, you assume the ice is temperate everywhere, so you used a constant value for 
Glen’s rate factor. If so, you did not consider the coupling between stokes model and heat transfer 
equation, it is just Stokes equation, you cannot say you solve the Full-Stokes equations.

Authors response:
It is correct that we assume temperate ice and thus a constant rate factor. The term “Full-Stokes” 
however refers to models that solve for the full stress tensor in a Stokes flow model for a given 
numerical solution scheme, contrary to simplified models that use a simplified stress tensor (e.g. 
shallow ice or shallow shelf models). We are not aware of any publication in which the meaning of 
“Full Stokes” has been changed to mandatorily include any treatment of heat transfer processes within 
the ice since Full-Stokes models have been developed around 2007-2008, e.g. Icetools (Jarosch A. H., 
2007 https://doi.org/10.1016/j.cageo.2007.06.012  )   as well as the Elmer/Ice (Gagliardini et al., 2013) or 
ISMIP-HOM (Pattyn et al., 2008,https://doi.org/10.5194/tc-2-95-2008).

https://doi.org/10.5194/tc-2-95-2008
https://doi.org/10.1016/j.cageo.2007.06.012)as
https://doi.org/10.1016/j.cageo.2007.06.012


Reviewer comment:
Line 71. I got confused. It is said here that “Hence spatial variation in heat flux can be simulated”. 
What do you mean? The heat flux is given or simulated? It should be an input data for an ice flow 
model. Forward ice flow model cannot simulate heat flux.

Authors response:
Now line 75. Indeed this is confusing to a certain degree and we have rephrased that sentence.

Reviewer comment:
Line 82, Eq. (3), the second plus symbol should be times ×.

Authors response:
Done. Thank you, that is important.

Reviewer comment:
Line 94. What is ‘the cauldron’, K5 or K6? Pleaser clarify it.

Authors response:
It is K5, and we have updated the text in the manuscript. Thank you.

Reviewer comment:
In Table 1, the UZ in the 1st row should be UZ0. They are different, see Eq. (4). The abbreviation of 
sim. nr. should be defined somewhere.

Authors response:
True, thank you. We have updated the table and sim. nr. is now defined in Line 109.

Reviewer comment:
Figure 2 and its caption need to change or improve. Is the scale bar for both plots? In the caption, you 
need mention the domain of left plot is the modelled region, and refer to Fig. 1a for its location. You 
can change the background to white rather than grey. It is better to change ‘velocity z’ on the colorbar 
to ‘vertical velocity’. The right plot is the vertical outflow velocity at the base. It is not basal outflow 
velocity distribution as written in the caption, which is 3D. Please change the caption. The caption is 
not complete. Please also add the location information of the basal outflow velocity distribution. 
Please consider to add a plot for the horizontal basal outflow velocity. Besides, please consider to add 
a subplot to how the modelled basal velocity for the whole study area – as the left plot. Also add 
marker for K6 and K5. What is run 004? The number is not consistent with Table 1.

Authors response:
Thank you for this valuable input and we have updated Figure 2 to include now two scale bars, 
changed labels for the velocity fields as well as have introduced a white background. The location of 
the basal outflow distribution is included as a orange circle. Outside the prescribed basal vertical 
velocity distribution representing a heat flux, all velocity components are equal 0 as given by our basal 
boundary condition, so we do not see the need to add an additional subplot.

Reviewer comment:
Figure 3 caption. Please refer to Fig. 1a for the domain you show here. Is it modelled area or focused 
area? Please add a marker for K6. Similar for Fig. 4, 5, 6.



Authors response:
Good point, thank you. We have updated the figure captions of Figures 3-6 to refer to the focus area in 
Figure 1. We did not add a marker for K6 as the whole maps show just K6.

Comments of reviewer #2:

Reviewer comment:
Term Convention – The V_z term in equation 2 is referred to as “outflow velocity”. I think this would 
more probably be called the “basal vertical ice velocity”, or even most conventions would probably 
refer to this as “basal mass balance”, and denote it more analogous to the B-dot surface mass balance 
term. Later, it seems that the “V_z” in Eq 2 is being denoted “UZ” in Section 2.3 and beyond. It seems 
UZ(UZ_0) is applied within the caldera, but it is not clear if there is a basal mass balance applied 
outside the Gaussian representation of the caldera. The reader could use some clarity on this term, 
both regarding the notation and the written description.

Authors response:
We think the reviewer refers to equation (1), as equation (2) in the manuscript describes a standard 
surface evolution equation for glaciers. Indeed there has been some confusion in the initial manuscript 
on what the term v_h (initial manuscript notation) should be. Based on the comments of reviewer #1 
and the comment here, we have rewritten equation (1) where now the variable v_z,bh is called “a basal,
vertical ice flow velocity” (as suggested above) and the new version of equation (1) clearly defines how
this velocity is calculated from a given basal heat flux. We refrain from calling the variable a basal 
mass balance, as we want to convey the notion that there is basal ice outflow (in the model).
Regarding the question “ if there is a basal mass balance applied outside the Gaussian representation 
of the caldera [i.e. heat source]”, the paragraph right below equation (4) clearly states that equation 
(4), the Gaussian representation of the heat source, is only applied within a given radius R and set to 
zero outside. So no additional basal outflow velocities are used.

Reviewer comment:
Heat Flow Units – The peak “outflow velocity” (or peak basal mass balance) of the simulations are 
given in m/yr, and then area-integrated heat flow in W. It would be quite helpful to have the UZ_0 also 
given in W/m2, which is the more conventional units with discussing heat flow. This would allow the 
heat flows being reported here to be more directly compared with extreme values in the International 
Heat Flow Database, for example. At first glance, basal melt on the order of 1000 m/yr seems 
phenomenally high, perhaps even unrealistically high.

Authors response:
This is a very good idea. Even though Table 1 includes everything needed to calculate the average heat 
flux (bar{q_h}), we have added a column that includes average heat flux values for the whole 
subglacial heat source area. We think this measure is more informing than reporting the peak heat flux 
based on (UZ_0), which is applicable for a very limited spatial extent.
However it is noteworthy that we expect heat flux values on the order of magnitude of highly active 
geysers (e.g. Old Faithful) or steaming vents of powerful geothermal areas rather then heat fluxes 
created by vertical, conductive heat flow through the Earth (which are mostly listed in the International 
Heat Flow Database).



Reviewer comment:
Simulation Type – I would be interested to see the heat flow inferred by a steady-state simulation (i.e. 
maintaining a supraglacial caldera depression over centuries). It can be difficult to entirely attribute 
simulated changes in ice geometry to specific processes over a 1-year transient simulation, as I guess 
there would be some underlying transient drift or model relaxation. I see mention of a “heat sources 
off” simulation (L234), which may be akin to a relaxation simulation, but this simulation suggests the 
depression only in-fills by 15 m. I am therefore wondering how 15 m of ice dynamic infill requires 100s
of m/yr of basal melt to maintain the depression. Or simply put, why is 15 m/yr of infill not just 
balanced by 15 m/yr of basal melt?

Authors response:
The statement in L246 (L235 initial manuscript) refers to the glacier surface elevation change in the 
center of the surface depression. This is not an intuitive measure for the overall mass flux into the 
surface depression as it is only an easily observable consequence of a large scale horizontal mass 
movement into the surface depression. This can be seen in Figure 2, where the surface lowering around
the depression (blue colors) has a significantly larger spatial extent in comparison to the red circle 
(subglacial heat source extent). All the mass moving from the blue areas in Fig. 2 towards the red circle
have to be compensated by basal ice outflow within the red circle to reproduce the observed surface 
depression change, hence the significantly larger values of basal outflow in comparison to the surface 
lowering. Simply put, it is the difference in “area of influence” between the surface and the base of the 
glacier which creates the difference in vertical movement magnitude.
A centuries long study of the surface depressions would indeed be interesting, however is out of the 
scope of this study, partly due to its high computational cost.

Reviewer comment:
Subglacial Water Storage – The assumption that basal melt flows away immediately, and there is no 
change in subglacial water storage during the simulation year seems quite important, as changes in 
basal water storage can directly influence the surface modelling target. The authors write “In contrast 
to observations from a GNSS station, operated at K6 in the summers of 2016 and 2017, revealing 
seasonal water storage and drainage under the simulated cauldron, we assume continuous and instant 
water drainage underneath the glacier.” It would seem useful to show such a GPS vertical 
displacement record and provide more description of the water storage signal (i.e. magnitude and 
temporal variability).

Authors response:
Indeed the assumption that “possibly created meltwater at the base of the glacier is drained instantly” is
a simplification made in this study and is in contrast to observed GNSS station data which hints to 
temporal variations in subglacial water storage. However the focus of this study is such a simplified 
view on basal processes as explained in lines 214-218 (new manuscript version, lines 202-206 initial 
version) to be able to apply the numerical modelling. A separate study is in the making which will 
analyze several cauldrons on Mýrdalsjökull with respect to potential subglacial water storage and 
collected GNSS data.
For this contribution we choose to omit GNSS data records as they are not part of the study design nor 
the modelling capabilities and focus on the overall surface geometry changes of K6 as discussed in the 
paper.



We would like to express our gratitude for all the valuable comments and the time put into this review 
by the reviewers and the editor.

Kind regards,
Alexander Jarosch on behalf of the authors.


