Authors response to the referees
We would like to acknowledge the referees for the attention to the paper. Especially we thank the referees, because they have emphasized at essential aspects of the problem that weren’t discussed previously in The Cryosphere Discussion Forum. Below we have cited remarks of the referees and given our answers. 
A. Aschwanden: “The conclusion that the geothermal heat flux at the glacier base must be close to zero because measured temperature do not vary substantially between 10m and 45m is unphysical, and neither does it prove that the glacier is frozen to the bed. There is no justification to extrapolate observed temperatures down to the bedrock. From Figure 2, I infer the glacier has an approximate thickness of 100m in the area of the borehole. The shape of the temperature gradient depends on the geothermal heat flux, deformational heating, and horizontal and vertical heat transport by both advection and diffusion. In general, temperatures in a column of ice increase with depth because (1) the geothermal heat flux entering the glacier at the base, and (2) energy production due strain heating increases due to increasing strain rates. Increasing temperatures with depth are thus highly likely, and a zero geothermal heat flux relatively unlikely.”

Y. Konovalov: Deformational heating, horizontal and vertical heat transport due to ice flow are fully accounted in the model. Like you suppose, ice temperature noticeably increases from the surface to the bed in the lower part of the glacier, where deformational heating significantly affects to the ice temperature distribution, except for the ice cap summit, where basal temperature gradients are defined mainly by geothermal heat flux (Fig. 1, Fig. 2, Fig. 3). Certainly we can’t affirm that the heat flux at the glacier base must be close to zero. Additionally long term climatic changes, which periodicities are more than 100 a, affect the heat flux at the glacier base. At the point of mathematical modeling, we should consider two-component area with ice-rock interface and we should fix the geothermal heat flux at a depth in the rock, but for the precise results air temperature periodicities and amplitudes should be precisely known. Numerical experiments with different heat fluxes at the glacier base have been carried out for the steady-sate glacier (Fig. 4) and the experiments exhibit that the glacier divides to the parts, where ice is frozen to the bed and where the glacier slides at the base (at 
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). Thus, the introduction of the slip/no-slip boundary is required in the model for a wide spectrum of heat flux values at the glacier base. More precise answer about the basal temperature gradients can be given by detailed temperature measurements like, for example, the ones that were carried out by Heinz Blatter at White Glacier in 1987.
Thanks for the remark.

A. Aschwanden: “As pointed out in the previous reviews, mass balance will most likely dominate over ice dynamics, and thus a shallowice or first-order model may be equally appropriate. But, of course, there is nothing wrong with using a second-order ice flow model. Just of curiosity: Why is it assumed that the glacier can only slide in the lowermost (600m) part of the glacier, and only if a certain yield stress is reached? Is there some observational evidence? Anyway, this question is in the context of this paper relatively unimportant, and I would expect similar values for the investigated parameters 
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 and even for no-slip conditions everywhere.”

Anonymous Referee #2: “A large part of the paper is dedicated to the presence or not of basal sliding. At the end, it is not clear why and when the basal sliding is introduced. The material regarding basal sliding should be regrouped in a single part of the paper and notdispersed in all the paper.”
Y. Konovalov: Basal shear stress increases substantially in the area of about 500-600 m upstream from the glacier terminus at the beginning of the advance (Fig. 5). Apparently, the value (about 600 m) depends on the ice thickness distribution and, it seems, the glacier scales increase should lead to appropriate rise of the basal drag zone. The basal shear stress increase accompanied by sufficient deformational heating causes the basal temperature to achieve the melt point even if the heat flux from the rock is close to zero (Fig. 6, Fig. 7). Linear size of the area of melt point basal temperature increases from zero at the beginning of glacier advance to about 1200..2000 m at the end of the advance for 
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. The averaged value is about 600..1000 m. Thus, the criterion based on a threshold value of basal shear stress is in accordance with the basal temperature changes in the model, and the melt point basal temperatures close to the glacier terminus prove the basal sliding in the appropriate area.

The extent of the melt point basal temperature zone considerably rises with the increase of heat flux at the glacier base (Fig. 8). To account this expansion, the “floating” boundary of the no-slip/slip transition has been introduced into the model. The basal temperature in the lower part of the glacier gradually drops from the beginning of the glacier retreat, because the ice thickness, the ice flow velocities and deformational heating are reduced. So, with time, the glacier becomes frozen to the bed along the whole flow-line domain (Fig. 9, Fig. 10) even for basal heat fluxes in the range 
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 haven’t been considered). Thus, the inverse transition from slip to no-slip boundary conditions by a threshold basal shear stress value is more questionable in the model (but the inverse transition is not questionable per se). Because, although the basal shear stress fell down the threshold value, the substantial part of ice at the glacier base is still at the melt point temperatures.
Another algorithm of the slip/no-slip transition has been introduced into the model. This is a simple algorithm based on the temperature criterion of the slip/no-slip transition. That means the slip boundary conditions are replaced with the no-slip conditions in a grid node at the glacier base if the ice temperature at the node fells down the melt point temperature. The temperature at the last node (at glacier terminus) are considered equal to annual air temperature and it’s always negative (
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) in the experiments. But it’s suggested that the glacier terminus is frozen to the bed if additionally the basal temperature is lower than the melt point temperature at least in the 
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-th grid node (about 60 m of ice bed is frozen) and the basal shear stress close to the glacier terminus is lower than the threshold value. Finally, we can note that there are no sufficient discrepancies in the glacier length histories for different basal heat fluxes (Fig. 11).
The ice temperature distribution obtained for White Glacier in 1987 [Blatter, 1987] exemplified the ability of basal sliding only at a glacier tongue base. The sliding zone extent is about 2 km [Blatter, 1987].
Thanks for the remarks.
A. Aschwanden: “The reference to equation (3) may be a type error, I don’t find that equation in the cited MacAyeal (1996) paper.”

Y. Konovalov: D. MacAyeal developed the numerical algorithm for the prognostic equation without the artificial viscosity. The algorithm is described in details, for example, in EISMINT: Lessons in Ice-Sheet Modeling by D. R. MacAyeal, and we used this algorithm for the equation (3). Moreover, the terms “diagnostic equations” and “prognostic equation” were introduced by D. MacAyeal et.al. 
Anonymous Referee #2: “The mechanical equilibrium equation should be named the momentum equilibrium equation ot quasi-static equilibrium equation. Page 60, line 6, what does it mean pressure exclusion?. It seems that the model used assumes that the vertical Cauchy stress is equal to the hydrostatic pressure? This should be mentioned clearly. The model and all the equations should be presented in a more concise way with the appropriate references for the already published works.”
Anonymous Author: The mechanical equilibrium equations (the terminology is used in a literature) or stress equilibrium equations are
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(AR1)

As is known, the stress tensor components can be expressed as 
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 is the pressure, 
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 are stress deviator components.
The integration of the 3rd equation from (AR1) in vertical direction leads to the equation
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The sum 
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 is equal to zero. That stems from the stress-free ice surface boundary conditions 
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 after the substitution of the normal vector (
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) components. Thus, we obtain the equation
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(AR2)
Then we differentiate Eq. (AR2) by 
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 and by 
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, and after that we add the results to the 1st and 2nd equations of (AR1) respectively. Hence, we obtain the equations
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Then we use the equations
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that stem directly from deviator stress determination 
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Finally, we obtain the equations without the pressure 
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, i.e. the equations for deviator stress components
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(AR3)

The aim of the manipulations is to obtain the equations for ice flow velocity components taking into account the relations between deviatoric stresses and strain rates (Pattyn, 2000, 2003).
The full system of the diagnostic equations contains the continuity equation and Eq. (AR3):
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(AR4)
The vertical Cauchy stress and the pressure in the full 3D model are equal, respectively, to
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Thus, strictly speaking, the vertical Cauchy stress and the pressure are not equal to the hydrostatic pressure 
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 in an ice flow.

In the 2D full flow-line model, which is used in the paper, Eq. (AR4) are reduced to Eq. (1) (Pattyn, 2000). The vertical Cauchy stress and the pressure are expressed as
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Anonymous Referee #2: “Equation (1): the second invariant of the strain-rate tensor should be defined.”
Anonymous Author: The second invariant of the strain-rate tensor in the model is
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Anonymous Referee #2: “Moreover, the terminology is not correct for the friction law: the inclusion of the effective pressure N (should be named in the text) is not the condition to have a non-linear law. The effective pressure can also be included when n = 1. Why don’t you have include the effective pressure when n = 1? In the present paper, it seems that the water pressure is nul so that N reduces to the normal stress at the base.”
Anonymous Author: The linear friction law rather should be considered as the Taylor series for the friction force to the first order value. Hence, 
[image: image34.wmf](

)

T

H

K

K

fr

fr

,

=

 is a function of ice thickness and ice temperature. At this point, the inclusion of the effective pressure apparently will be a redetermination of 
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 in the linear friction law. The numerical experiments (Appendix B) exhibit that the constant value of 
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 in the linear friction law can be used successfully.

In my opinion, the terminology “effective pressure” (or “effective normal pressure”) is not fully correct. It seems, the vertical component of the force, that acts to a unit square of an ice bed, are meant, i.e. it’s the value 
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, where 
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 is the unit normal vector pointing from the ice to the bedrock. Taking into account the stress equilibrium equations (AR1), the value can be expressed as
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(AR5)
Otherwise, the normal component of the force (normal stress), that acts to a unit square of an ice bed, can be meant, i.e. it’s the value 
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(AR6)
The basal pressure in the model are given by expression
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In a case of small basal slopes, it seems the results for Eq. (AR5) and Eq. (AR6) will be close. 
In fact, we used as the effective normal pressure the value defined by Eq. (AR5) taking into account, that 
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 is small and insignificant value.
Thanks for the questions.
Anonymous Referee #2: “Equation (7): give the unity of x and T in the formula.”
Anonymous Author: The units of 
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 and 
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 are given in the Notation. The unity of the parameter (the value 0.00233) is 
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Anonymous Referee #2: “p57, l14 to 21: I’m not sure that the ISMIP-HOM tests have shown that higherorder and full-Stokes models can access the glacier retreat and advance correctly. None of these tests was dealing with such phenomena (in the only prognostic test, F, there is no front).”
Anonymous Author: We mean that the results obtained by the full models are in a good agreement in all experiments including the case of high variability in bedrock topography. Certainly, prognostic equation and heat transfer equation should give correct results too.
A. Aschwanden: “The aim of the paper remains unclear and it is very difficult to follow the author’s arguments. If the focus is on temperature reconstruction based on glacier length changes, then the modeling section is still too detailed. On the other hand, the numerical model itself does not contain enough new results to warrant publication. This has already been pointed out in detail…”
Authors: A lot of aspects of the model have been discussed in details at first in The Cryosphere Discussion Forum and then in The Solid Earth Discussion Forum, and we agree that too detailed description of the model can scatter the attention of a reader. Thus, we believe that the model description can be simplified and shortened in the final manuscript. We’ll make appropriate citations, which are missed in the manuscript. Thanks. 
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