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We would like to thank Michael Kuhn for his thorough and constructive review. Our
replies are embedded in the referee’s original message.

1) With respect to the “continental to maritime climatic settings” mentioned in the ab-
stract. I feel that abundant precipitation at either margin of the Alps is independent
of the presence of oceans, thus not “maritime”. It is rather the forced convection
when moist air first hits the mountains that cause the two precipitation maxima and
the screening of the dry interior.

We appreciate the referee’s comment. We are aware of the forced convection origin of
the precipitation peaks in the so-called “wet anomalies” (Frei and Schar, 1998) or “wet
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bands” (Isotta et al., 2014) of the Alps. On the other hand, in our paper we discuss
about continental and maritime climatic setting in relation to the spatial arrangement of
the three sub-regions (orographic configuration) with a general geographic connotation
(the Mediterranean coast sits just 200 km away from the Orobie). Wet air masses that
hit the Orobie first are moist rich because they travel from the Atlantic and the Mediter-
ranean. When using the term maritime in the manuscript we do not make a causal
relation between the precipitation peaks in the climographs (Figure 2) during the year
and the presence of the Mediterranean Sea or the Atlantic Ocean. However, we think
that the presence of the Atlantic and the even closer Mediterranean Sea have a de-
gree of influence on the climate of the Southern Alps that justifies our definition. As an
example the oceanic influence in the Orobie climatic setting is assumed by Caccianiga
et al. (2008) with the definition: “oceanic prealpine girdle”.

2) In the introduction the authors state that “low-elevation glaciers under maritime con-
ditions would display higher sensitivity to climatic fluctuations”. Irrespective of their
location or climatic conditions, low elevation glaciers tend to be dominated by accumu-
lation rather than by melting, their climate sensitivity is not generally larger than that of
large valley glaciers. The smallest group of Austrian glaciers, <0.1 km2, have displayed
relative area changes from +10% to -100% in the period from 1969 to 1998 (Kuhn et
al., Zeitschrift für Gletscherkunde und Glazialgeologie 43/44, 2012, 3-107).

We have found very scattered and, on average, lower relative changes in glacier area
only in the wet climatic zone of Orobie while in Disgrazia and Livigno the climate sensi-
tivity of small glacier is higher. The sentence under examination does not refer to small
glaciers only. It is true that in our study region low-elevated glaciers under maritime
conditions are mainly small glaciers but the observation by Oerlemans and Fortuin
(1992) and Holzle et al. (2003) was meant to apply to all glaciers without size distinc-
tion.

3) In the valuable list of references to Italian literature I am missing <Bonardi et al. 2012,
I ghiacciai della Lombardia> where individual glaciers have been well documented.
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The reference has been added.

4) In chapter 2 obviously Cima de Piazzi is not part of the Livigno subregion. When
mean annual air temperatures are given, e.g. for Cancano, the elevation of that station
would help the reader. An alternative would be to compare temperatures at one given
elevation like 2000 m.

We have problems in the interpretation about the Cima de Piazzi statement, as it is
not cited in any part of the manuscript or in any figure. The elevation of the three
weather station is reported in p4080 L7-L9-L13 and in Figure 2. We think that one
additional citation of station elevation would be redundant. We have not introduced
a temperature comparison at 2000 m a.s.l. as the time series of the three weather
stations cover different intervals. Temperature values are reported only to provide a
general picture of the climate in the three sub-regions (especially the monthly regime).

5) The introduction of the Avalanche Area Accumulation Basin Ratio provides an impor-
tant parameter that has gained acceptance in recent years. However, “usually occupied
by avalanche supply: : :” is a vague definition.

We thank the referee for the constructive comment on the ABR parameter. We do
not want to hide a certain degree of subjectivity in the definition of this qualitative at-
tribute and we wish to clarify that the “usually occupied by avalanche supply” refers
to the area occupied by avalanche accumulation in seasons of average winter accu-
mulation. Based on field observations in the last 15 years we have recognized that
the steeper the rockwall above the glacier surface the more defined is the threshold
between avalanche accumulation and avalanche free zones. Possibly, this spatial pat-
tern is caused by a regular (chronic) release of avalanches in very steep rockwalls
compared to less steep or more complex slope geometries. In our study areas, the
extensive distribution of similar simple and steep rockwall geometries proved to be ex-
tremely useful for evaluating ABR with reasonable confidence. Relevant clarifications
have been added in the revised manuscript: p4083 L18: “. . .Avalanche Area Accumu-
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lation Basin Ratio (ABR), is the ratio between the area occupied by avalanche accu-
mulation at the end of an average snowfall accumulation season and the area of the
accumulation basin (above the ELA0). This classification scheme, which is based on
decadal field observations, consists of three classes: low (ABR ≤ 0.33), moderate (>
0.33 ABR ≤ 0.66) and high (ABR > 0.66).”

6) Most readers will agree that “the lower and upper limit of the glacial domain and their
fluctuations are usually related to surface and volume changes”.

No action taken. We would welcome any advice on how to proceed.

7) I strongly object to the use of the term “theoretical equilibrium line altitude”. Show
me a theory that explains why the ELA of a glacier in equilibrium should have an ac-
cumulation area ratio of 0.67! I would rather use the median surface elevation as a
parameter that describes the glacier topography without referring to any hypothetical
mass balance conditions.

We recognize that the classical AAR0 value of 0.67 for alpine glaciers suggested by
Gross et al. (1978) is based on a small number of reference glaciers in the Alps (n=12).
We are also aware that AAR0 values from mass balance measurements can display
high variability depending on hypsometry, accumulation conditions, debris cover, cli-
matic setting (e.g., from 0.22 to 0.72 (WGMS, 2005)) and consequently the assump-
tions behind the AAR0 method are affected by a number of uncertainties. However, the
application of different AAR0’ to different glaciers or sub-regions would require a sub-
stantial modelling effort that we think is beyond the scope of this work. The low glacier
relative relief (∆E) associated with the small glacier size typical of our study area im-
parts minimal changes to “balanced budget Equilibrium Line Altitude (ELA0)”when us-
ing different values of AAR0 (ie, 0.50 as opposed to 0.67) hence justifying our method
that uses a fixed AAR0 in the calculation of ELA0 . In particular, recent work suggests
that the ELA0 may be approximated by the median surface elevation of the glacier
(AAR0 = 0.50) and that this approximation is particularly suitable for small glaciers
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(e.g., Braithwaite and Raper, 2007, 2009; Hughes, 2009; Bolch et al., 2010b; Hughes,
2010; Kern and Laszlo, 2010; Carturan et al., 2013; Igneczi and Nagy, 2013). In light
of the above findings and taking into consideration referee’s comment number 14 we
have decided to replace AAR0 0.67 with the median surface elevation of the glacier
(AAR0 = 0.50). In addition, given that ELA0 based on a AAR0 = 0.67 has been widely
used in paleoclimatic reconstructions and landscape evolution studies (e.g., Maisch
et al., 2000; Kerschner et al., 2000; Bavec et al., 2004; Zemp et al., 2007 and Ker-
schner and Ivy-Ochs., 2008), for completeness, we report 0.67-based ELA0 values as
supplementary material.

We have changed p4084 L6-11 with: “The Balanced-Budget Equilibrium Line Altitude
(ELA0) (Meier and Post, 1962; Cogley et al., 2011) is a widely used parameter in glacier
and paleoclimatic reconstructions (e.g., Miller et al., 1975; Benn and Lehmkuhl, 2000)
and it is usually defined with the Balance-Budget Accumulation Area Ratio (AAR0)
method (Meier and Post, 1962; Gross et al., 1978). While the high variability of world-
wide measured AAR0 (from 0.22 to 0.72) in mass balance data warns about a straight
forward use of this parameter (WGMS, 2005; Zemp et al., 2007), we delineate ELA0
(also termed local-topography ltELA0) as the median surface elevation of the glacier
(i.e., considering a 0.50 AAR0 (e.g., Hughes, 2009; Bolch et al., 2010b; Hughes, 2010;
Carturan et al., 2013; Igneczi and Nagy, 2013)). This value appears to be particularly
well suited for small glaciers (e.g., Braithwaite and Raper, 2007, 2009; Kern and Las-
zlo, 2010) like the ones we are studying. Indeed, low glacier relative relief (∆E) that
is typically associated with small glacier size, imparts very little change to our ELA0
values when using AAR0 = 0.5, as opposed to 0.67 (originally proposed by Gross et
al. (1978)). Hence providing a reasonable justification for assuming Emedian = ELA0.
Since a number of seminal paleoclimatic and landscape evolution studies have adopted
an AAR0 equal to 0.67 (e.g., Maisch et al., 2000; Kerschner et al., 2000; Bavec et al.,
2004; Zemp et al., 2007 and Kerschner and Ivy-Ochs., 2008), for completeness, we
provide ELA0 based on AAR0 0.67 in the supplementary material.”
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We have updated all ELA0 values in the text and in the figures.

8) In chapter 4, line 14, I believe that if MAP increases, ELA should decrease.

In chapter 4, line 14 we highlight an increase in ELA0 scattering and accordingly to the
comment, the ELA0 decrease with MAP increase.

9) In support of the sky view factor of clear sky radiation the authors may also apply
the term “openness” used in recent geo-statistics.

Our set of attributes has been selected with the intent of representing the main envi-
ronmental factors driving glacier dynamics yet avoiding redundancies in name of the
statistical principle of parsimony. In this context, we feel that the term "openness",
for being substantially correlated with clear sky radiation, would not provide significant
independent explanation to the variance of glacier area change.

10) Is the “increasing scatter” of ELA0 really an effect of increasing MAP, or is it due to
a large elevation range in the Disgrazia and to more avalanche activity in the Orobie?

The increase in ELA0 scatter trough the climatic transect is associated with precipita-
tion as shown in the results. We agree with the referee’s comment, we have come to
the same conclusion in section 5 (discussion): p4092 L24. High precipitation values in
the Orobie sub-region appear to impart to these glaciers an increased dependence on
avalanching.

11) I suggest to summarize much of chapter 4 in tables or simple maps instead of
lengthy verbalizations in the text. E.g. page 4087 is difficult to read. Condense this
information into one table or give short comments on Tab. 3 and Fig.7. Section 4.2
could be condensed considerably, details may be given in the supplements, likewise
4.4.

Comment accepted, section 4.2 has been reduced by half and text from p4087 L26
to p4088 L19 has been included in the supplementary material. Section 4.4 has been
simplified while some information has been included in the caption of Figure 11.
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12) P. 4087, lime 18: “Retreat” refers to length; use “area loss” for size. Mention that
losses depend also on Emin; low glacier tongues suffer more ablation.

Comment accepted, the text has been corrected accordingly.

13) P. 4091: It is difficult to compare these results to other publications. I am in favor of
the parameters you use, please apply them to some of the Alpine glaciers frequently
quoted for comparison.

We agree that the results in the section 4.4 are difficult to compare with other studies.
However the inventories we quoted for comparison in this work cover entire moun-
tain ranges and thus we feel it is extremely difficult, if not completely impossible for
us to provide all the attributes considered in this work without the availability of high-
resolution DEMs. In this respect, the Eri is a good example of a parameter that, with-
out the glacier surface area layer and a high resolution DEM, would be impossible to
extract. In order to make the best possible (and rapid) comparison with other inven-
tories we have considered, where possible, MAP and mean glacier size. Last but not
least, this additional analysis would significantly complicate/lengthen the manuscript,
which the referee and the Editor found already too long and in need of some simplifi-
cation/reduction.

14) Section 5. Again, use median elevation instead of “theoretical ELA” .

See response to point number 7.

15) Do not use “rc” once for ridge crest and again for regional climate.

Comment accepted, we will change the Erc with Eri

16) What, if Erc = Emax?

This is a good point and gives us the opportunity to discuss briefly on the suitability
of Eri at large. In our view, Eri is particularly useful for glaciers that are well confined
(contained in) by valley walls and/or amphitheatre-like bedrock structures. Eri is not
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applicable in the case of ice caps or glaciers that similarly lack a set of nunataks or
a ridgecrest behind the head of the glacier. In our work we did not have any glacier
lacking such a structural configuration.

17) 5.2 Small glaciers. By no means can we generalize that the smallest glaciers are
the most sensitive, see above.

The text has been rephrased: “Considering the characteristic limited size of our study
glaciers, the relatively high sensitivity of mid-to-small sized glaciers (even though as-
sociated with high scatter) to climate change (i.e., Haeberli and Beniston, 1998; Paul
et al., 2004; Jiskoot and Mueller, 2012; Tennant et al., 2012). . .”.

18) 4094, line 1: ? possible confusion caused by: : :?

Confounding here has a statistical connotation (it stays for experimental confounding).
We feel that confounding is a more appropriate term.

19) Line 18: area decrease instead of retreat.

Comment accepted, the text has been changed accordingly.

20) 4095, 7: % per year?

Comment accepted, the % per year have been added to the text: p4095 L 7: “In
particular, post-1990 AAD in Livigno, Disgrazia and Orobie is respectively 4.07, 3.57
and 2.47 % a-1, equal to 7.2, 6.6, and 6.1 times the pre-1990 rate.”

21) 4096, 15: <10 ha, or 0.1 km2

The text has been corrected accordingly.

The following references refer to our replies to both referees: Philippe Deline and
Michael Kuhn

References: Bavec, M., Tulaczyk, S. M., Mahan, S. A., and Stock, G. M.: Late Quater-
nary glaciation of the Upper Soča River Region (Southern Julian Alps, NW Slovenia).
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