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AC: Both referees find the proposed approach novel and interesting, but have some
critical comments concerning the transferability of the presented results to other ar-
eas and the uncertainties present in our analysis and discussion. To emphasize the
exemplary character of this study and its limited spatial scope – which is, however,
supported by a substantial sample size in terms of number of ice-debris landforms
and in-situ measurement sites – we decided to indicate the study region in the title
of the revised article. In addition, we have made amendments to the article that will
put stronger emphasis on the discussion of uncertainties, and physical aspects of the
present research such as links between apparent thermal inertia and surface energy
balance are now discussed in more detail.
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We would like to thank the anonymous referees for their thoughtful comments, which
helped to improve the manuscript.

Point-by-point reply to the referee’s comments

RC: This manuscript presents an empirical study about the application of ASTER ther-
mal imagery to characterize debris-covered glaciers and rock glaciers in Punta Negra
Valley (Central Andes). A statistical evaluation is performed to analyze the spatial
patterns of Aster surface temperature and near surface in-situ temperature measure-
ments. The purpose is to distinguish rock glaciers and debris-covered glaciers from
other debris landforms by using the apparent thermal inertia derived from Aster sur-
face temperature estimates. The approach is novel and interesting. The authors refer-
ence well most of the recent literature and the paper is well presented and structured.
However, the study area is rather small, the data and the results are not sufficient to
support the utility of using apparent thermal inertia as a proxy for mapping ice-debris
landforms and also the transfer to other mountain regions.

AC: We appreciate the referee’s comment regarding the novelty and interestingness
of the proposed approach. The exemplary character of our study, which, naturally,
uses one study area to demonstrate the application of this approach, is now empha-
sized by changing the title to indicate the study region. The size of the study region is
determined by the availability of high-quality ground truth information on the distribu-
tion of ice-debris landforms and instrumentation with ground temperature data loggers
in an area with difficult logistics. This being said, there are more than 50 ice-debris
landforms in this study region, and data from 37 data loggers was available for this
analysis. Many similar glacier remote sensing studies in mountain regions lack this
degree of replication (see also response to a similar comment by referee #1).

RC: The utility of this approach is limited and I would suggest major revisions or rejec-
tion.

AC: While we agree that the utility of ATI mapping for discriminating ice-debris land-
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forms appears to be limited – contrary to earlier findings of Piatek (2009) – we would
like to remind the referee and the editor that the non-significance of results or a smaller
than expected effect size cannot constitute a criterion for rejecting manuscripts. There
is overwhelming evidence from other research areas that shows that this introduces a
publication bias (e.g., Fanelli, 2012). In this particular case not reporting the limitations
of ATI for mapping ice-debris landforms would possibly lead other researchers to rely
on more encouraging findings of Piatek (2009), which can, however, be explained with
confounding with vegetation effects in a more humid environment (Alaska).

RC: The apparent thermal inertia calculation should be discussed in more detail, es-
pecially in-pixel distribution of surface temperature and the influence of topography
(aspect and slope). Sensible and latent heat fluxes should be included in the analysis
to support the application in a complex terrain and transfer to other areas.

AC: The two scales mentioned by the referee, pixel-level analysis and within-pixel (sub-
pixel) analysis, are present in our analysis in the form of separate analyses of remotely-
sensed and in-situ temperature (and inertia/amplitude) variables. We did not intend to
analyze the within-pixel distribution of surface temperatures in its strict sense; neither
do we have the data that would be necessary to accomplish this (sufficient replication
of in-situ measurements within pixels, i.e. hundreds of measurements instead of 37),
nor do we think this is strictly necessary to accomplish the goals of our study.

While slope angles were already accounted for in our analysis, decided to consider
slope aspect related influences in a post-hoc analysis that we added to the revised
paper. Especially possible influences of anisotropic relfection can be eliminated by
adding aspect variables (sine and cosine of aspect) to our models. While general coef-
ficient estimates and in particular the ones for rock glacier effects remained unchanged
(within the confidence limits), greater thermal and ATI anomalies were observed in this
post-hoc analysis for debris-covered glaciers. These post-hoc results are mentioned in
the revised Results section (Sect. 4.2) and in the Methods (Sect. 3.6).
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We did not measure sensible and latent heat fluxes in this study. While such mea-
surements would provide additional insights into the processes controlling LST and ul-
timately influencing calculated ATI, it is evident that it would not be possible to achieve
the level of replication desired to control for confounders in our empirical-statistical ap-
proach, which without doubt is a valid research approach in cryospheric and geomor-
phological research. We furthermore refer the referee to changes made in response
to comments of referee #1 concerning the control for different energy balance compo-
nents and the possibility of confounding with turbulent heat flux effects.

RC: Some information about the lithology in this area should be presented.

AC: The following text was added to Sect. 3.1: “The study area presents mainly
dark volcanic rocks of the Tertiary Abanico Formation. A granodioritic intrusive unit
is present in the northwestern corner of the study area, and volcanic and sedimentary
sequences of the Late Cretassic Colimapu Formation occupy the eastern margin of
the study area (Fock et al., 2005; Farías et al., 2008). All data logger locations are
in the dark volcanic area, while a small percentage (<10%) of the matched samples
introduced in Sect. 3.6 are located in the other geological units.”

RC: What is the area (km2) covered by rock and debris covered glaciers in Punta Negra
Valley?

AC: The following text was added to the revised manuscript to provide the requested
information (Sect. 3.5): “The study area covers 48 km2 between 3000 and 3900 m
a.s.l., of which 4.9 km2 correspond to ice-debris landforms (rock glaciers: 3.3 km2).
The area of interest is reduced to 21 km2 after removing irrelevant areas such as
exposed ice and bedrock. More than 50 rock glaciers are present in the study area,
the exact number depending on how multi-part rock glaciers are counted.”

RC: If available, ground albedo measurements (also literature) should be compared to
remote sensing data.
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AC: ASTER-derived albedo values have been compared to values reported in the liter-
ature, yielding a good correspondence, as already mentioned in the discussion paper
(p. 2903, l.23-27). A new table that summarizes albedo values obtained for a variety
of surfaces from glacier accumulation areas to water bodies and different rock types
has been now added in response to the referee comment in order to support our claim
(Table 1).

RC: What is the distance between EEY and the analyzed area?

AC: EEY is 9 km south of the core part of the study area with the data logger sites.
This information was added to the revised manuscript.

RC: Are debris thickness measurements available at the near surface temperature
sites?

AC: Debris thicknesses were not measured; however, near-vertical profiles are ex-
posed at the margins of the numerous melt-out depressions of the debris-covered
glaciers of Punta Negra and Casa de Piedra, which have both been visited in nu-
merous occasions. Based on this, we estimate debris thicknesses to be typically up
to 1-1.5 m in the lower half of the debris-covered glaciers (Bodin et al., 2010). Similar
thicknesses have been observed by us and other authors at similar altitudes and lati-
tudes in the Andes, but of course variation within a debris-covered glacier is large. In
the upper part in the transition to the uncovered glacier portions debris-thicknesses ev-
idently become thinner. Rock glacier active layer thicknesses have not been measured
on the numerous rock glaciers in this study area; however, observations by Trombotto
and Borzotta (2009) and unpublished data from our own active-layer boreholes in the
semi-arid Andes are consistent with active-layer depths between 2.5 at higher eleva-
tions and 7 m at lower elevations on active or at least intact rock glaciers. General
information on this is already included in Sect. 2.3. No changes made.

RC: Correlation between debris thickness and in–situ temperature measurements?
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AC: Such measurements are not available in our study area, and this would likely
constitute a study of its own, which would require multiple data sources (geophysical
measurements, boreholes) in order to achieve sufficient replication even on a single
ice-debris landform (let alone the >50 landforms studied here). However, such corre-
lations have been studied in much detail in other regions empirically as well as using
physically-based models (e.g., references in the manuscript to Mattson et al., 1993;
Nicholson and Benn, 2006), and similar relationships can be expected to hold in our
study area.

RC: Errors both involved in estimating surface temperature, albedo, apparent thermal
inertia from the Aster imagery and in-situ temperature measurements should be pre-
sented and discussed in more detail.

AC: Model and accuracy of the data loggers used for in-situ measurements are in-
cluded in the revised manuscript (Sect. 3.5). The following sentence is added to Sect.
4.1 to reflect the offset between remotely-sensed LST and NSGT during the reference
period: “Median nighttime and daytime NSGT during the reference period were, how-
ever, 6-7◦C higher than LST at the logger sites (Table 1). This can be partly explained
by 3◦C higher air temperatures during the reference period, and it may also reflect
differences in turbulent heat fluxes or a bias in LST measurements relative to NSGT,
which was measured at about 5 cm depth and at a point scale.” Discrepancies be-
tween point-scale NSGT and pixel-scale LST in one important aspect are also pointed
out very clearly in Sect. 5.1, and it was found that another study targeting specifically
scale-dependent patterns found a similar discrepancy (Gubler et al., 2011). Patterns
in LST and NSGT, however, correlate reasonably well, which supports our view that
LST and derived ATI can be useful for thermal imaging in mountain environments. The
plausibility of albedo estimates, for which no in-situ measurements are available for
comparison, is discussed above in response to an earlier comment.

RC: Pag. 2917 Lines 19-21: Physically based modeling and geophysical investigations
would indeed provide valuable insights for this study.
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AC: We obviously agree with this statement from our manuscript. Our approach is to
make one step at a time, conducting a thoroughly designed remotely-sensed and field
based study of thermal properties at this point. We do think that we have accomplished
our goal of assessing the utility of ATI for discriminating ice-debris landforms, which was
one of our objectives. We showed that even in a completely vegetation-free environ-
ment (as opposed to earlier studies in which confounding with vegetation induced more
striking contrasts) ATI is the result of multiple external influences as well as complex
relationships with the structure of an ice-debris landform. In addition, we effectively
demonstrated that remotely-sensed LST and ATI are in many aspects consistent with
in situ observations, which is an important prerequisite for future studies of this kind in
complex topography. As a next step, we hope that physically-based modeling and geo-
physical investigations can provide additional insights, and one member of the author
team (A. Soliman) is currently engaged in such activities. We have furthermore already
conducted simple model simulations of the surface temperature variations of two-layer
structures with assumed thermophysical and structural properties similar to those of
rock glaciers and debris-covered glaciers, but evidently these simulation experiments
are clearly beyond the scope and reasonable page limit of this contribution.
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