We very much thank the two reviewer for their thorough analysis of our article and for their valuable
comments, annotations and suggested improvements. They had been carefully considered and most of
them are accounted for in the revised manuscript. Answers and explanations to all detailed questions
and annotations raised by the reviewers are provided in the following.

(RC: Reviewer comments; AC: Author comments)

Comment 1) A still-open key scientific question is highlighted, i.e. how the assumptions generally made
for extrapolating meteorological forcing field from sparse point observations impact the estimated local
and glacier-wide melting rates. In particular, the focus is on calculation errors of the sensible heat flux
distribution. However, the authors quantify this impact only comparing sensible heat flux calculations,
whereas it should be assessed in comparison with the overall energy and mass balance (or melt rates).

AC: The study focuses on the effect of local advection on the spatial sensible heat flux variation on
glaciers and to test the skill of commonly used approaches to estimate the surface heat fluxes at a
given point on the glacier. While, without doubt, the impact of the heat flux variation on the glacier
mass balance is of major interest, we have focused on the sensible heat flux for the following reasons:

(i) Many scientific studies have revealed that especially for mid latitude mountain glaciers, the
sensible heat flux, after the net radiation budget, constitutes the main energy source and
consequently explains a large part of observed glacier ablation (e.g. Braithwaite, 1995; Smeets
et al., 1998; Oerlemans, 2010; Gillett and Cullen, 2011; Senese et al., 2012; Conway and
Cullen, 2013; Cullen and Conway, 2015). The emphasis of most studies is placed on the
averaged turbulence conditions at a given point over glaciers and their impact on the surface
energy balance. These studies achieved significant progress by generalizing results with respect
to the inherent physical processes or mechanisms at a point scale. The spatial variability of the
turbulent quantities, however, has received much less attention than the time averaged
quantities.

(ii) As mentioned in the introduction, the complex interaction of glaciers, atmosphere and
topography constitutes a fundamental challenge to environmental research. Non-local
topographic effects control the micrometeorological conditions on glaciers, but the process
itselfis challenging to study. In order to reduce the degree of freedom, we exclude all quantities
in the idealized simulations which are not directly affected by the flow, but are known to be
important for the surface energy balance e.g. radiation divergence, conservation of moisture.

(iii) To study the impacts of the sensible heat flux on the overall energy and mass balance require a
direct coupling (online) of the LES with a mass balance module, which we are currently
implementing in the LES solver. However, this module introduces additional initial/boundary
conditions and requires rather long spin-up times. Without well-posed boundary and initial
conditions (e.g. soil properties or moisture), the problem gains complexity and adds additional
degrees of freedom.

(iv) The research goal was already very ambitious. There very few studies dealing with LES in (very)
complex terrain and in particular over glaciers. However, this study illustrates that there is a
potential in studying the surface energy and mass balance on mountain glacier. If LES are useful
for real case studies is yet to be answered.

Comment 2) In addition, due to computational restrictions, they only perform calculations for one hour
on a clear-sky day in summer 2013. I suggest evaluating the impact of sensible heat flux calculations
vs. the surface energy balance, in different meteorological conditions. Moreover, I’'m wondering if the
mass  balance  measurements on  Langenferner  (http://acinn.uibk.ac.at/research/ice-and-
climate/projects/langenferner) could be used for estimating the impact on local and glacier-wide melt
rates.

AC: We agree that the contribution of the sensible heat flux to the surface energy balance is
important to understand the impacts on the mass-balance. However, the focus of this study is the



effect of local advection on the spatial sensible heat flux variation on glaciers and to test the skill of
commonly used approaches to estimate the surface heat fluxes at a given point on the glacier (see
also Comment 1). In order to understand the impact, the LES (including radiation) must be coupled
directly with a distributed mass balance model and integrated over longer time periods. We have re-
written the introduction to emphasize our research goals (see Comment 3).

In order to draw a general conclusion (not only for clear-sky), however, a large number of
experiments is needed to cover the wide spectrum of topographic and atmospheric constellations.
Unfortunately, we have already reached our computational capacities and try to solve this in an
upcoming project. Each LES run of 9 hours’ simulation time requires a computational time of 5-7
days on a High-Performance Computer with 400 cores. For that reason, we have focused on a clear-
sky case of which we have expected pronounced thermal wind phenomena and heat advection. The
latter one is an important process to understand the thermal conditions on glaciers.

The timescale of our simulations is a few hours, while the scale of mass balance measurements and
stake readings is several weeks to months. Consequently, the direct measurements cannot be used
for any impact assessments. Our study is motivated by the findings of many previous studies which
prove the general importance of the sensible heat flux for mid latitude glacier melt (e.g. Klok and
Oerlemans, 2002, Oerlemans, 2010; Gillett and Cullen, 2011; Senese et al., 2012; Conway and
Cullen, 2013, Cullen and Conway, 2015).

Comment 3) The authors claim that ‘the pseudo-reality atmosphere is not required to be an observed
real world case, but needs to be plausible in the sense that relevant processes are realistically simulated’.
It is unclear what is meant with relevant processes. In section 4 the authors say that sections 3.1, 3.2 and
3.3 demonstrate that LES capture these relevant processes, but in these sections there is only a
description of model results (some of them are obvious) and complete absence of comparison with real-
world observations. In my understanding, the plausibility and realism of LES is only assessed based on
the authors’ personal knowledge of the atmospheric circulation over mountainous terrain, but I’'m not
sure that it is sufficient. On the other hand, Figure 1 shows several weather stations in the study area.
Why not using these data for checking the realism of calculations? How can it be assessed that LES is
superior to the bulk approach, without any comparison with real-world observations?

AC: In an idealized setup, the surrogate atmosphere can only be compared with well-known
characteristics of boundary layers and dynamical atmospheric features obtained from in-situ
measurements on alpine glacier. These characteristics include the vertical (wind and temperature),
sensible heat flux and turbulent structure of the boundary layer and should be of the same order of
magnitude as the measurements. In Section 3.1 and 3.2 we compare the wind magnitude, LLJ,
intermittency and turbulence scales with observation made by other studies. For example:

i) The wind magnitudes are characteristic for mountain glacier during clear sky conditions
(e.g. Van den Broeke, 1997; Séderberg and Parmhed, 2006).

ii) Several studies observed intermittent turbulent mixing events in the SBL above glaciers and
analyzed their impact on the surface energy balance (e.g. Cullen et al., 2007; Oerlemans
and Grisogono, 2002; Séderberg and Parmhed, 2006; van den Broeke, 1997, Smeets et al.,
1998; Munro and Davies, 1978; Hoinkes, 1954, Kuhn, 1978; Munro and Scott, 1989).

Additional comment: Modelling the intermittency in stable boundary layers is very
challenging and most numerical modelling studies, which are usually RANS model, do not
capture these events. Our studies prove that LES are able to simulate such events, if the
horizontal and vertical model resolution is sufficiently small to resolve most of the kinetic
energy.



iii) The scales are in the same order of magnitude as those found by other studies (e.g. Litt et
al., 2015, Séderberg and Parmhed, 2006).

Additional comment: Stable boundary layers show characteristic turbulence scales for the
horizontal and vertical components. The simulation results show similar scales to those
measured by other studies, which supports the choice of the grid resolution (that most TKE
is resolved by the model) and the reliability of the subgrid-scale model (see later comment).

The comparison of the idealized LES simulations with the real-world observation is not possible.
During the week of the 17th August 2014 we had temporarily installed two weather stations, one
closed to Z1 on Zufallferner and another further down the valley. The glacier station measured
between 13 and 14 h a mean wind velocity of 4.6 m/s at 2 m height above the surface. Even though
this is closed to the simulated value (4.5-6 m/s, westerly flow), the two values are not comparable at
all. The prescribed surface heating rate (1.2 K/h) of the surroundings is lower than the measured
heating rate (4.1 K/hr) at that particular day. Furthermore, the idealized simulations do not account
for differential heating by radiation which is important during the first two hours and leads to
asymmetric cross-valley winds. Without doubt, the homogenous heating assumption is a major
drawback of the code. Although the chosen heating rate is significantly lower and shadowing effects
are absent the typical low level jet and the heat advection from the lateral boundaries are present.
As indicated in the conclusion, due to conservative chosen boundary conditions the simulated
advection effects might be weaker than the one observed in a real atmosphere.

We think there is a confusion why we use a surrogate atmosphere and what is the overall goal of
this study. Therefore, we have updated the penultimate paragraph in the introduction as follows:

“To overcome this difficulty, we make use of high resolution Large-Eddy Simulations (LES). The
LES are considered as pseudo-reality - a testbed to identify the shortcomings in the local surface
heat flux estimates when the lack of observations restrict our micrometeorological knowledge to a
few sites. The plausibility of the temperature interpolation algorithms and the derived surface heat
fluxes can be more strictly tested in a surrogate world of atmospheric simulations, which offers a
realization of atmospheric states in which all target variables are known. The pseudo-reality
atmosphere is not required to be an observed real world case, but needs to be plausible realization
of the atmosphere in the sense that relevant processes are realistically simulated. The advantage of
such studies is that the surrogate atmosphere provides a perfect pseudo-observation of all the
variables required to establish the skill of an interpolation method and hence the surface heat flux
calculations. While surrogate atmospheres have been widely used in downscaling studies it’s still a
new approach in glaciological studies (Frias et al., 2006, Vrac et al., 2007, Maraun, 2012).”

We hope this emphasizes our overall goal to test the plausibility of interpolation algorithms and its
consequences on the surface heat flux estimates. We neither make a statement that LES is superior
to the bulk approach nor we claim it is a real case. It is simply a surrogate world of atmospheric
states.

Comment 4) There is confusion between point-site process understanding and interpolated/extrapolated
input meteorological fields from sparse meteorological observation coming from on-glacier sites. If it’s
true and obvious that process understanding at individual sites is not sufficient to fully characterise the
micrometeorological conditions over glacier surfaces, the practical or operational need to achieve such
full characterization remain questionable (and in any case is not quantified in this paper).

AC: In fact, most scientific studies on glacier wide energy and mass balance are based on simple
extrapolations of meteorological variables. Many of them use approaches based on linear gradients
to create micrometeorological fields, while at the same time they report significant limitations in
reproducing the spatial and temporal variability of glacier mass balance (e.g. MacDougall and
Flowers, 2011; Gurgiser et al., 2013a; Prinz et al., 2016). This deficiency is also related to



shortcomings in the representation of sensible heat flux, since the sensible heat flux has proven to
explain a great part of the melt energy and its variability at many glaciers (e.g. Braithwaite, 1995,
Klok and Oerlemans, 2002; Gillett and Cullen, 2011, Conway and Cullen, 2013; Cullen and
Conway, 2015). Based on the explanations presented above and the findings of the cited works, we
think that there is no doubt about the scientific need of better and more realistic characterization of
the micrometeorological conditions over glacier surfaces.

Comment 5) Interpolation/extrapolation of meteorological data from on-glacier sites has limited
practical usefulness. In operational model applications, there are almost no input data coming from
inside the glaciers. In particular, I refer to applications aimed at exploring the climate sensitivity of
glaciers, which is mentioned by the authors. Because the climatic sensitivity can be defined as ‘the
ratio of changes in the 2 m temperature above a glacier to changes in the temperature outside the thermal
regime of that glacier (Greuell and Bohm, 1998), there is little usefulness in testing the errors coming
from interpolation/extrapolation of pseudo-observed (or better, calculated) wind and temperature
coming from points located inside the glaciers.

AC: 1t is unclear what the referee means by “practical” and “operational”. We however, try to
address a well-defined research problem, namely the extrapolation of point observations of
governing (micro-) meteorological parameters (temperature and wind) to a larger spatial scale.

There is a large number of studies focusing on glacier wide energy and mass balance modelling
based on point observations. Some of them use on-glacier data (e.g. Hock and Holmgren, 2005;
Sicart et al.,2005; Mélg et al., 2008, Reijmer and Hock, 2008; Moélg et al., 2009, MacDougall and
Flowers, 2011; Sicart et al., 2011, Huintjes et al., 2015; Prinz et al. 2016), while others make
recourse of off-glacier observations (e.g. Arnold et al., 1996; Klok and Oerlemans, 2002; Klok and
Oerlemans, 2004; Gurgiser et al., 2013a; Gurgiser et al., 2013b)

The definition of “climatic sensitivity” as used by the referee and presented by Greuell and Bohm
(1998), is not directly applicable to our research topic since we use the term “climate sensitivity” as
an expression of a glaciers change in mass balance (rate) in response to a defined change in the
ambient climate conditions (e.g. Oerlemans and Grisogono, 2002; Klok and Oerlemans, 2004, Mélg
et al., 2008 and many more). The turbulent sensible heat flux plays a key role in process based
analyses of climate change impacts to glaciers as it largely governs (together with longwave
radiation) the sensitivity of a glacier to changes in air temperature (e.g. Braithwaite, 2009 and
references presented above).

We agree that when the reaction of a glacier to changes in climate is examined, data from outside
the (also changing) glacier boundary layer should be used (e.g. Klok and Oerlemans 2002).
Nevertheless, this does not influence our conclusions since the main uncertainty potential in the
calculation of micrometeorological fields highlighted by the current study is less determined by the
origin of the observation data (on- or off-glacier), than by the applied extrapolation method.
Consequently, our findings are not only valid for micrometeorological fields calculated from on-
glacier stations, but for any kind of studies using linear gradients of temperature and wind to up-
scale respective data.

However, our intention is to point out that the variations of the sensible heat flux in space and time
cannot be sufficiently captured by simplified approaches. This may be negligible for glacier wide
calculations of mass balance or melt during shorter time spans. But since especially mountain
glaciers all over the world are currently undergoing rapid changes in shape/areal extent, the applied
gradients might be not constant over longer time periods as changes in glacier extent influence the
local microclimates. The same problem may appear under extraordinary conditions, such as for
instance abnormal snow cover in the vicinity of the glacier, or years with changed mean synoptic
flow, or other circumstances not reflected in the reference data set which was used to calculate the



gradients. It is hence obvious that more sophisticated methods are urgently needed to foster the
understanding of the physical processes behind glacier changes.

Comment 6) It could be more useful to test calculation schemes recently proposed in the literature (cited
by the authors) starting from off-glacier weather stations.

AC: We think the reviewer makes a good point and we have followed its recommendation and tested
the Shea and Moore (2010) and the Greuell and Bohm (1998) temperature model. The Shea-model
estimates the near-surface temperature on the glacier from the ambient temperatures using a
piecewise linear regression approach. The model consists of our regression coefficients (T1, T ki,
k2), which need to be estimated for each station. The estimated coefficients are then related to
morphometric measures, such as flow path length (FLP) and elevation. The estimation of the FLP is
not trivial for unstructured grids and we had to develop our own code/algorithm to derive this
measure. The code is based on a backtracking line search algorithm driven by local gradients. The
attached Figure 1 shows the FLP estimates of the investigation area.

However, the lack of observations (only one observation at each station) makes it impossible to
estimate the coefficients T1, T*, kl and k2 of the Shea-Model. We made some efforts using coefficient
proposed by Shea and Moore (2010) and Carturan et al. (2015), but the model is very sensitive to
the parameter choice. Additionally, relating these coefficients to the morphometric measures would
introduce further seven coefficients. In our specific case, the problem is not well-posed at all and its
impossible to calibrate the model.

Besides the Shea-model we also applied the temperature model proposed by Greuell and Bohm
(1998). Basically, the model solves the change of heat within an air parcel travelling down an infinite
slope. The approach requires the height of the katabatic wind H, the bulk transfer coefficient for heat
Cy, FPL, a characteristic length, a location xo where the katabatic layer influences the air parcel,
the mean slope, and the temperature T0 of the air parcel at x0. Most parameters can be calculated,
except for xg which has to be determined. In literature different values for x, are given, ranging from
542 m. (Ayala et al. (2015)) to 1440 m (Carturan et al. (2015)). We have assumed a value of 1000 m
for the analysis. The model was fitted to the observations by optimizing C). The model has been
calibrated for each experiment using the same observations (SI and S2) used for the linear
interpolation. The estimated surface heat fluxes are 35.5 Wm-2 (westerly flow), 26.4 Wm-2 (easterly
flow), 31.5 (northerly flow), and 28.8 Wm-2 (southerly flow).

We have updated Section 4.1 accordingly.

Specific comments

RC: Page 1 line 5 and 7: please add the percentage in under-overestimations, and also the percent error
in mass balance calculations. Small-scale heat flux, glacier heat fluxes... please be consistent throughout
the paper and try to use always the same wording (i.e. sensible heat flux)

AC: The focus of this study is the effect of local advection on the spatial sensible heat flux variation
on glaciers and to test the skill of commonly used approaches to estimate the surface heat fluxes at
a given point on the glacier and not the glacier mass balance. To do so the LES (including radiation)
must be coupled directly with a distributed mass balance model and integrated over longer time
periods. We are currently working on the coupling of the LES with a mass balance model.

We follow the recommendation of the reviewer and use the term sensible heat flux throughout the
text.



RC: Page 1 line 8 and 9: it is unclear if site selection and flow direction refer to data measurements,
extrapolations, or validations

AC: We have re-worded the sentence to clarify that the site selection refers to the extrapolated data:
“The sign and magnitude of the differences depend on the site selection which are used for
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extrapolation as well as on the large-scale flow direction.”.

RC: Page 1 line 9-11: this is not adequately quantified in the paper. The magnitude of sensible heat
flux calculation errors and their impact on the surface energy balance and on the derived climate
sensitivities should be calculated and several numbers should be added also here in the abstract.

AC: As discussed in the Comments 2,5 and the first specific comment, we do not quantify the impact

of the errors in the sensible heat flux on the surface energy balance. We have decided to remove the
last sentence from the abstract to avoid misunderstanding.

RC: Page 2 line 10: consider replacing ‘can make over’ with ‘can represent’

AC: Done.

RC: Page 2 line 13: consider removing ‘peculiar’. In this period it is partly unclear to which mass
balance studies dealing with small scale variations of melt rates the authors are referring to

AC: The word ‘peculiar’ has been replaced by ‘particular’.
The sentence has been re-phrased as follows: “Therefore, a profound knowledge of the advection

processes and the micrometeorological characteristics is required to accurately calculate melt rates
and their variations in space and time.”

RC: Page 2 line 16: what is meant exactly with ‘the deficiency of monitoring activities’?

AC: With ‘deficiency’ we refer to a falling short of a desirable number of observations. We think this
is an unambiguous expression.

RC: Page 2 line 26: an open scientific question

AC: Done.

RC: Page 2 line 27: be fully answered

AC: Done.



RC: Page 2 line 28: I suggest to state more clearly the aim(s) of the study

AC: In the last two paragraphs of the introduction we now stress in more detail the aim of the
paper (see also comment above):

“To overcome this difficulty, we make use of high resolution Large-Eddy Simulations (LES). The
LES are considered as pseudo-reality - a testbed to identify the shortcomings in the local surface
heat flux estimates when the lack of observations restrict our micrometeorological knowledge to a
few sites. The plausibility of the temperature interpolation algorithms and the derived surface heat
fluxes can be more strictly tested in a surrogate world of atmospheric simulations, which offer a
realization of atmospheric states in which all target variables are known. The pseudo-reality
atmosphere is not required to be an observed real world case, but needs to be plausible realization
of the atmosphere in the sense that relevant processes are realistically simulated. The advantage of
such studies is that the surrogate atmosphere provides a perfect pseudo-observation of all the
variables required to establish the skill of an interpolation method and hence the surface heat flux
calculations. While surrogate atmospheres have been widely used in downscaling studies it’s still a
new approach in glaciological studies (Frias et al., 2006, Vrac et al., 2007, Maraun, 2012).”

RC: Page 3 line 19-20: SBL, SGS, please define acronyms

AC: Done. SGS refers to subgrid-scale and SBL to stable boundary layer.

RC: Page 4 line 9-10: it has been recognized

AC: Changed.

RC: Page 4 line 13-14: the negligibility of assumptions should be demonstrated and/or possible
errors coming from assumptions should be quantified

AC: We have added the following explanation to justify our assumption:

“Quantifying possible errors coming from this assumption or the model performance is challenging.
The model can be tested either by a priori or a posteriori testing. The a priori test uses experimental
or Direct Numerical Simulations (DNS) data to relate directly the residual-stress tensor given by the
closure model. In an a posteriori test the accuracy of calculated statistics, such as mean wind or
momentum flux, are compared with experimental data. Most LES approaches use a posteriori test to
prove its applicability. Churchfield et al. (2014) has tested the Smagorinsky and bounded dynamic
Langrangian model with the GABLS inter-comparison project (Global Energy and Water Cycle
Experiment Atmospheric Boundary Layer Study, Beare et al., 2006) using a 6 m grid resolution.
They found that both models are in line with the mean vertical profiles of wind speed, direction,
potential temperature and variances. We therefore assume, that the backscatter of energy from the
SGS model towards the resolved scales is negligible, if the LES resolves most of the turbulent kinetic
energy (see Section 3.4).”

We have also added the following text to Section 3.4: “When decreasing the horizontal grid
resolution to 25 m the resolved kinetic energy was only 60-70%. Additionally, a coarser grid leads
to greater aspect ratios of the prismatic layers, which requires very short integration time steps (0.01
s) to guarantee stability. Increasing the prismatic layer heights is problematic since this affects the
shear stress and momentum calculations closed to the surface. The choice of ~12.5 m is a good
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tradeoff between computational costs and resolved scales.’

And in Section 3.4

“We have also tested the dynamic Smagorinsky model, but the simulations are found to be unstable
due to large fluctuations of Cs.”

RC: Page 4 line 19-22 and page 6 line 14-16: please see the previous comment on assumptions

AC: It has been shown that the Lagrangian dynamic model, which averages C; over some volume
backward in time along fluid particle paths, is appropriate for inhomogeneous flows (e.g. Pope,
2000, Anderson and Meneveau, 1999; Sarghini et al., 1999). It has been also successfully applied to

the GABLS experiment (Churchfield, 2014), and complex terrain (Bou-Zeid et al., 2005). The
references have been given in the text.

RC: Page 6 line 23: I suggest adding some references for aerodynamic roughness heights

AC: Done.

RC: Page 6 line 25: ERA-Interim reanalysis data (also p5 121)

AC: Done.

RC: Page 6 line 27-28: from which hour to which hour of the day?

AC: The model has been initialized with the ERA-Interim profile from 06 UTC and a uniform surface
temperature of 273.16 K (Section 2.3). Starting with the initial condition the model is integrated over

a period of 9 hours. On p6L28 we refer to the last simulation hour. We have now added this
information.

Please note that the idealized simulations do not account for differential heating by radiation
(shading effect). The surface temperature of the surrounding is given by the prescribed surface
heating rate (1.2 K/h). At the end of the simulation the surface temperature is 10.8 K.

RC: Page 7 line 9-12: this part is somewhat unclear and it looks like the authors adjust the DEM (the
only real-world component in this work) to the requirements of the numerical model. Is it correct? Please
see comment to Page 4 line 13-14

AC: Yes, we have relaxed the DEM to make use of period boundary conditions. Such boundaries
require that faces on the opposite boundary (faces of grid cells) are equal within a certain tolerance.
This is only possible, if the DEM grid points are equal on opposite boundaries. To do so the DEM
grid points on opposite boundaries have been slowly displaced to match each other. The inner grid
points are relaxed to get a smooth transition from the boundaries towards the inner domain. We have
added a new figure showing a sketch of the relaxation procedure.



RC: Page 9 line 4: please reword ‘the intensity of the cross-valley circulation’ to improve clarity

AC: We have re-worded this part by: “the intensity of the slope winds”.

RC: Page 9 line 23-24: consider replacing ‘do not jointly appear with high wind velocities’ with
something like ‘do not appear in the areas with high wind velocities’

AC: Done.

RC: Page 10 line 34: can you quantify (or estimate) the percent contribution of the sensible heat flux to
the total energy balance in your case study? This would be important for understanding the impact of
calculated sensible heat flux on local-scale and area-averaged energy and mass balance

AC: We agree that the contribution of the sensible heat flux to the total energy balance is important
to understand the impacts on the mass-balance. However, the focus of this study is the effect of local
advection on the spatial sensible heat flux variation on glaciers and to test the skill of commonly
used approaches to estimate the surface heat fluxes at a given point on the glacier. In order to
understand the impact, the LES (including radiation) must be coupled directly with a distributed
mass balance model and integrated over longer time periods.

RC: Page 11 line 10-11: can you provide some numbers in support to this statement?

AC: The intermittency is a local and non-stationary process. The standard deviation of the vertical
velocity fluctuations, o,, are low on the glacier (see Fig. 4) but are heavily right-skewed which
indicates occasional mixing events. The power spectrum of the temperature signal shows that there
are variations in the frequency of occurrence and amplitude of the mixing events. The scale-average
time series show that there are average variances of up to 4.0 C°. These burst events supply
temporarily heat to the surface layer and the surface heat flux increases. This signal is neither
present in the mean surface heat flux (Fig. 6) nor in the mean potential temperature (Fig. 7). We
have now included references to the corresponding figures and chapters.

RC: Section 3.4: in Figure 1 two weather stations are shown on the glaciers. Why data coming from
these weather stations were not used for checking the reliability of LES experiments?

AC: Please check back on comment 2, where we give an explanation why we can’t compare the
idealized LES with weather station data.

RC: Page 11 line 19-23: with the authors, I recognize that this is a strong assumption, in particular over
glaciers with such high range of elevation (2595-3750 m), quite different from the end-of-summer
situation reported for Arolla by Brock et al., (2000). It should be possible to map the snow cover for
the selected day, or to use another day with available snow cover data (e.g. from Landsat imagery).
Alternatively, the authors should at least quantify the possible errors stemming from this assumption.



AC: We know from the fields measurement during this period that there was a thin layer of fresh
snow on the glacier. However, from that particular day there is no Landsat imagery available. Again,
we like to remember these are idealized simulations and not real cases. Nevertheless, we have re-
written the sentence as follows: “We assume similar roughness height for snow and ice since large
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parts of the glaciers were covered by a thin layer of fresh snow.”.

RC: Page 12 line 2-3: on which bases the authors say that the SGS model ‘seems to work well” in their
study?

AC: In LES, the dynamics of the larger-scales are computed explicitly, while the smaller scales
(residual stress tensor) are represented by the SGS model. Generally, the SGS model removes energy
from the resolved scales to the residuals. In an a posteriori test we can test the accuracy of calculated
statistics, such as mean wind or momentum flux, are compared with well know data from field
experiments. We have shown that the calculated statistics, such as the integral turbulence scales,
skewness and vertical velocity variance, are in the same order of magnitude as those obtained from
observations. If the SGS model is too dissipative, the calculated measures would significantly differ
from observations. In this pseudo-reality setup, it is difficult to prove the correctness of the SGS
model. We have also tested the dynamic Smagorinsky model, but the simulations are found to be
unstable due to large fluctuations of Ci.

We have added a new paragraph at the end of Section 3.4 to justify our conclusion:

“We have shown that the calculated statistics, such as the integral turbulence scales, skewness and
vertical velocity variance, are in the same order of magnitude as those obtained from observations
(e.g. Litt et al., 2015, Soderberg and Parmhed, 2006). If the SGS model is too dissipative, the
calculated measures would be significantly lower than the observations. Which SGS model works
best for stable boundary layers is not easy to tell, but the Lagrangian-averaged SGS model seems to
work well in our study. We have also tested the dynamic Smagorinsky model, but the simulations are
found to be unstable due to large fluctuations of Cs.”

RC: Page 12 line 4: maybe reword the title as ‘Estimation of the sensible heat using the Bulk-Approach’

AC: Done.

RC: Page 12 line 20: replace ‘given that” with ‘in case’ (I guess that it is meant where there is a weather
station measuring the required variables)

AC: Done.

RC: Page 12 line 20-27: please consider moving this part in the following section

AC: We followed the recommendation and moved this part in the following section.

RC: Page 12 line 26-27: this is a strong statement, because there is complete absence of comparison
between modelled and observed (relevant) processes. What are relevant processes? How can the authors
assess that LES captures observations, without reporting observations or without citing literature on this
topic?



AC: Again we emphasize that the surrogate atmosphere can only be compared with well-known
characteristics of stable boundary layers and dynamical atmospheric features obtained from in-situ
measurements on alpine glacier (see comment 2). These characteristics include the vertical profiles
(wind and temperature), sensible heat flux and turbulent structure of the boundary layer and should
be of the same order of magnitude as the measurements. In Section 3.1, 3.2 and 3.3 we compare the
wind magnitude, LLJ, intermittency and turbulence scales with observation made by other studies.
We have shown that the calculated statistics, such as the integral turbulence scales, skewness and
vertical velocity variance, are in the same order of magnitude as those obtained from observations
(e.g. Litt et al., 2015, Soderberg and Parmhed, 2006).

We have re-written this sentence as follows:

“As demonstrated in Sec. 3.1, 3.2 and 3.3, the LES provide plausible vertical wind and temperature
profiles, surface heat fluxes and turbulent structures of the boundary layer.”

RC: Page 13 line 3: please replace ‘pseudo-observed’ with ‘calculated’. I guess these are temperature
and wind speed data calculated using LES, is it right? Please specify

AC: The sentence now reads as:

“The simulated (LES) wind velocities and temperatures at the two sites were linearly extrapolated
across the glacier (e.g. Paul and Kotlarski, 2010; Machguth et al., 2009; Huintjes et al., 2015,
Weidemann et al., 2013; Jarosch et al., 2012).”

RC: Page 13 line 5: surface heat flux, surface sensible flux, or surface sensible heat flux? Please be
consistent

AC: We have check the manuscript for consistency.

RC: Page 13 line 7-9: please explain why there are differences at the two Za and ZO0 sites, given that (in
my understanding) wind speed and temperature at these sites are the same using the bulk method and
the LES (i.e. they differ in the rest of the analysed area, but not at Za and Z0).

AC: This is correct. The differences at the locations should be zero, but there are small differences
of about 1-3 Wm™. The sensible heat flux from the LES is calculated online at each time step. The
fluctuating Ly and U can significantly increase the calculated sensible heat flux over a short time
period. For the bulk approach we used the mean L; and U calculated over the last hour, which could
cause small differences in the calculations. If there is only a small difference from zero the station is
attributed to one of the contour classes and it might seem that there is a large difference between the
LES and the bulk method at the two sites.

RC: Page 13 line 20: the average sensible heat flux (please, add % error in the text). How big is the
impact on glacier-wide total energy balance calculations?

AC: The sentence now reads as:



“On a glacier-scale, the bulk approach underestimates the average heat flux between 5.2 (-16.6%)
and 6.9 W m—2 (-20.3%) for the westerly, easterly and northerly flow (see Tab. 2). The local
differences for the southerly case, however, almost cancel each other out (0.8 Wm—2, 2.2%).”

We have not computed the glacier-wide total energy balance and therefore cannot estimate the
impact of the differences on the energy balance (see comment above).

RC: Page 13 line 27: for which wind direction?
RC: Page 13 line 28: using linear extrapolations across the glaciers?

AC: We now explicitly mention the wind direction:

“In the following, we estimate the sensible heat flux according to Eq. 17 for each combination of S1
and S2-S5 using the linearly extrapolated temperature and mean wind velocity (the mean value of
the two sites) from the westerly flow case.”

RC: Page 13 line 29: in my opinion there is an equivocal use of the term ‘bulk method’, which is a
method for calculating turbulent exchanges, referred to the calculations using linear extrapolations
across the glaciers. I would suggest clarify/avoid ambiguities

AC: Yes, we agree that the term ‘bulk estimate’ is not used correctly. We have re-worded the sentence
as follows:

“Fig. 11 shows the differences between the sensible heat fluxes calculated by the bulk approach and
the surrogate atmospheres.”

RC: Page 13 line 33 and in the following: please check or clarify, if gradients are too large (in absolute
value) underestimations of temperature and sensible heat flux should occur in the upper parts of the
glaciers. Moreover, in absence of model validation, why the LES model has to be the right one and the
Bulk has to be the wrong one, a priori?

AC: Yes, this statement is wrong. The correct statement is:

“In the case that stations are located in a region of strong temperature advection (e.g. case S1-S2
and S1-S3) the derived temperature gradient is too shallow, and the bulk approach overestimates
the sensible heat fluxes in most regions of the glacier. Similarly, temperature gradients are too steep
when stations are protected from warm air transport, and on average fluxes are underestimated (e.g
case S1-84 and S1-S5).”

As initially mentioned (comment 3), we neither make a statement that LES is superior to the bulk
approach nor we claim it is a real case. It is simply a surrogate world of atmospheric states. The
advantage of such studies is that the surrogate atmosphere provides a perfect pseudo-observation of
all the variables required to establish the skill of an interpolation method and hence the surface heat
flux calculations.

RC: Page 14 line 3: also in this case I suggest to calculate the relative importance of these errors in the
overall energy balance of the glacier



AC: Please see our response to the first specific comment.

RC: Page 14 line 5-8: this part is methodological and should be moved at the beginning of Sect. 4.2. It
also deserves rephrasing to improve clarity

AC: The part has been re-written and moved to the beginning of Sec. 4.2

“This approach has two major implications: i) the temperature field is completely decoupled from
the flow and therefore disregards local flow features (e.g. gap flows and bluff bodies), and ii) the
wind velocities are too low over large areas on the glacier.”

RC: Page 14 line 12: it is unclear why the authors selected only a clear-sky case study

AC: In order to draw a general conclusion, however, a large number of experiments is needed to
cover the wide spectrum of topographic and atmospheric constellations. Unfortunately, we have
already reached our computational capacities and try to solve this in an upcoming project. Each
LES run of 9 hours’ simulation time requires a computational time of 5-7 days on a High-
Performance Computer with 400 cores. For that reason, we have focused on a clear-sky case of
which we have expected pronounced thermal wind phenomena and heat advection.

RC: Page 14 line 17-22: 1 have several points, which could/should be at least partly addressed or
discussed in the manuscript. In particular they concern: i) the practical or operational need to fully
characterise the micrometeorological conditions over glacier surfaces; ii) the linear extrapolation of
forcing fields from sites placed over glaciers (again, almost never available in practical model
applications); iii) related to the previous point, the climate sensitivity has to be assessed with respect to
climatic conditions

observed outside the microclimatic influence of the glaciers.

i) This issue has been addressed in Comment 4
ii) This issue has been addressed in Comment 5
iii) This issue has been addressed in Comment 5

RC: Page 14 line 20: here and elsewhere, I suggest speaking about differences and not errors, because
the comparison is between calculations and not between calculations and observations

AC: Yes, we agree and have changed the wording.

RC: Page 14 line 30: percent error of what?

AC: The number gives the mean error by which the bulk approach differs from the actual LES values.
We have added this information to the number.

RC: Page 15 line 1-2: when small-scale variations of surface energy balance are required? Please add
this in the introduction and recall it here and/or in the abstract



AC: The phrase now reads as: “We can conclude that a profound knowledge of the heat advection
process is needed when small-scale variations of surface energy balance are required for distributed
mass balance studies.”

The need for small-scale variation of the sensible heat flux for accurate melt rates and their variation
in space and time has been made more clear in the introduction.

RC: Page 14 line 6: using off-glacier stations for what?

AC: We have removed this part of the sentence.

Comments on the figures and tables:

RC: Figure 1: this image lacks east-north coordinates or inset displaying wider geographical setting of
the study area. Four weather stations are reported, whose data are not used in this paper

AC: Done.

RC: Figure 2 (and following maps): I suggest adding some contour line (or hillshaded DTM, like in
Fig. 1), which is needed for a better understanding of the local topography and of its effects on the
calculated variables

AC: Actually, the figures do have a hillshading, but the glacier surface is very smooth so that it
is not particularly eye-catching. We have made an attempt to add some contour lines to the
figures, but the figures appear overloaded due to its small size. We would prefer to keep the
figures as they are and think that Figure 1 gives all the essential information.

b

RC: Figure 9: in the caption just begin with ‘differences in the surface....
observations coherently with the text

and correct pseudo-

AC: Done.

RC: Table 3: Isuggest adding LES estimates and % differences (not error, please correct also in Table
2) as in Table 2.

AC: The bulk estimates are always compared to the same LES case (westerly flow, 33.8 Wm™).
Therefore, we think it is not necessary to include the LES estimate in Table 3. However, the %
differences have been added to Table 3.
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