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SUMMARY The discussion paper by Matthias Huss addresses the extrapolation of
glacier mass balance series from a few observation series to the entire mountain
range. He uses long-term (modelled) mass balance series of 50 Swiss glaciers which
are calibrated with (mainly) geodetic measurements and additional measurement se-
ries (based on the direct glaciological method) outside Switzerland. These data se-
ries are extrapolated to the entire European Alps based on a complete Alpine In-
ventory of the year 2003 and using (a) arithmetic averaging, (b) glacier hypsometry,
and (c) multiple regressions. The extrapolated Alpine mass balances are validated
against nine independent long-term mass balance series (outside Switzerland) as well
as against geodetic volume change assessments and result in estimates for systematic
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and stochastic uncertainties. In addition, future mass balance and volume change for
the time period from 2011-2100 are calculated by driving a combined model for mass
balance and glacier geometry.

GENERAL COMMENTS The paper by Huss is a comprehensive study greatly inte-
grating a large number of published datasets and methods in order to address a highly
important issue of global relevance: how representative are a few available observation
series for the glacier changes over the entire mountain range. The paper is well written,
has a generally clear concept, and leads the reader nicely through the different steps of
the analysis to the results. The comprehensive approach based on several other pub-
lications comes, however, with the price of being partly superficial and it is sometimes
difficult to follow all explicit and implicit assumptions. As such, the paper probably has
some conceptual mistakes in the sections about the extrapolation based on the glacier
hypsometry (3.3) and in the calculation of stochastic and systematic uncertainties (5),
and should elaborate further the sections about the extrapolation based on arithmetic
averaging and based on multiple regressions. In view of the global relevance of this
Alpine study, it would be great if the paper discussed the effects of a moving mass
balance sample on the extrapolated mountain range estimate as well as the represen-
tativeness of the observation series for both the variability of the mean specific balance
of all glaciers and the total mass change (i.e., contribution to run-off and sea level rise)
of the entire mountain range. Also, the sections about the future scenarios could be
better linked to the lessons learned from the extrapolation exercises which actually are
the main focus of the paper. Furthermore, Figures 5 and 6 show some interesting fea-
tures at the change from observations to scenario runs which might be illustrative to
discuss.

Overall, Matthias Huss addresses with his study about the extrapolation of glacier mass
balance series to the entire mountain range an important issue of global relevance.
After moderate revisions following the general and detailed comments given here, the
paper will make a great scientific contribution to be published in The Cryosphere.
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SPECIFIC COMMENTS

Page 1118, Line 2, “extrapolation of single glacier mass balance measurements”: In
fact it is rather an extrapolation of a small (usually moving) sample of measurement
series to the mountain range.

Page 1121, Mass balance datasets: The author uses modelled mass balance series
(calibrated mainly with geodetic measurements) from Switzerland and glaciological
mass balance measurements outside Switzerland for the extrapolation to the entire
Alps. For some of these modelled Swiss series, there are glaciological mass balance
measurements available too. It might, hence, be illustrative to show how good do these
results compare?!

Page 1122, Line 2: Is it correct that the 16 short-term mass balance series out-
side Switzerland are used together with the modelled Swiss series for the extrapo-
lation whereas the 9 long-term series outside Switzerland are used for validation only?
Please clarify.

Page 1123, Future climate: Please mention if you consider or ignore other parameters
in the GCM-scenarios (e.g., radiation budget, cloudiness) and in your glacier model
(e.g., albedo, lake formation, debris cover) that might be of importance for the energy
and mass balance results. This might help to discuss if the current results are rather
optimistic or pessimistic in view of how fast glaciers will melt away.

Page 1125, Lines 1-3: You should check your assumptions about the four climatic
different regions against corresponding literature (e.g., Bé6hm et al. 2001, Auer et al.
2005, 2007).

Page 1125, Lines 16-18: Actually there is a forth Swiss Glacier Inventory available
for 1998/99 (Kaab et al. 2002, Paul et al. 2002, Paul 2004). Resulting area change
estimates (1850-2000) for the entire Alps are given in Zemp et al. (2008).

Page 1125, Lines 18-23: Interpolating area changes between the available invento-
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ries using mass balance variations (cf. Equation 4) is straight forward but ignores the
fact that area changes are a delayed, filtered, and enhanced reaction of a glacier to
the energy and mass balance forcing at its surface. You should at least discuss the
impact of this simplification on your results and might use available length changes
measurements for the quantification of a corresponding estimate.

Page 1127, Line 1 & Figure5: Your density assumptions on this page (850 kg m-3) and
in Figure 5 (900 kg m-3) are different and should be harmonized.

Page 1127, Arithmetic averaging: | propose to (i) extend this approach of simple av-
eraging with regional averaging, and to (ii) assessing the impact of a moving sample
(as used in most other studies) vs. a static sample (of long-term series as used in this
approach).

Page 1127, Glacier hypsometry: Consideration of the glacier hypsometry is certainly
a promising extension of the approach(es) using arithmetic averaging. And | agree
that simple averaging over given elevation bands is a first but not necessarily best
approach. Nevertheless, you should show its results and the corresponding improve-
ment of your suggested correction to glacier median elevations. | think your proposed
approach, shifting the averaged mass-balance elevation distribution to the glacier's
median elevation, might work for years and glaciers with mass balances not too fare
from steady-state conditions. However, for stronger mass imbalances (as we have had
for the past two decades) the enforced positive balance of half of the glacier area will
lead to systematic biases in your results and might explain the low performance of
this approach. |, hence, propose to extend this section with testing a third approach:
use (regional) ablation and accumulation gradients instead of elevation-band averag-
ing and shift these gradients to the median elevation corrected for ELA-deviations from
steady-state conditions (derived from ELAO or median elevations of your observation
sample).

Page 1128, Multiple regression: This approach is nicely complementary to arithmetic
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and hypsometry-base averaging. In my view it would be worthwhile testing also some
parameters a bit more innovative than just area, slope, and aspect. It would be in-
teresting to see if including parameters related to glacier hypsometry (e.g., difference
between mean and median elevation or percentage of area above mean elevation) or
continentality (e.g., Tmax-Tmin or the index by Gorczynski (1920)) are able to improve
the explained variance?!

Page 1128, Line 27; “So far, no study has attempted mass balance extrapolation using
multiple regression.”: This is not quite true. There is for example the paper by Schéner
and Béhm (2007) using stepwise linear regression models for the reconstruction of LIA
ice mass of glaciers in the European Alps.

Page 1129, Line 19: Any explanation for why south-exposed glaciers show less nega-
tive balances than north-exposed ones? Maybe, because these glaciers have built at
higher elevations?!

Page 1130, Lines 7-14: Paul and Haeberli (2008) attribute glacier thickness changes
to the period between 1985 and 1999 (not 2000) in order to account for the effect
of C-band radar penetrated into the winter snow pack. Furthermore, a comparison of
SRTM-based elevation changes against repeat DEMs based on aerial photogrammetry
requires a careful co-registration process (cf. Nuth and Ka&b 2011) before deriving
glacier elevation changes. Please check your corresponding results in view of these
two points and clarify the text in this section accordingly.

Page 1132, Line 2: Why are you now including all 50 glaciers? For reasons of con-
sistency, it would be logical to use the same sample of 38 glaciers as before. Please
clarify.

Page 1132, Lines 2-5: Why are you not using one of the extrapolation methods dis-
cussed in the sections before? This would much better motivate and link the observa-
tion part with the scenario part.
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Page 1132, Line 19-24 & Table 3: For completeness and comparison, you should
include the measured total glacier area for the 1970s (2,900 km2, WGMS 1989) as
well as the thereof derived areas for 1850 (4,470 km2) and 1998/99 (2,270 km2) by
Zemp et al. (2008).

Page 1133, Line 1: It would be interesting to compare your estimated Alpine mass
loss to the results by Kaser et al. (2006), Radic and Hock (2011) as well as to the
GRACE-based estimates by Jacob et al. (2012).

Page 1133, Lines 8-9: Another reason for the comparably lower ice loss of Swiss
glaciers is probably the higher elevation of the summits.

Page 1133, Lines 17-19: The negative feedback due to glacier retreat into higher ele-
vations might be at least partly compensated by a positive feedback due to the lowering
of the glacier surface.

Page 1133, Lines 24-29: Here you should include a short statement about the signifi-
cant uncertainty in remaining ice volume (cf. Page 1131) and its impact on the timing
of glacier disappearance.

Page 1134, Lines 1-11: In view of effects not considered in your modelling approach
(cf. comment on Page 1123), are these results to be seen rather as best or worst case
scenarios?

Page 1134, Line 27: where does the value for the stochastic uncertainty og come
from? Please clarify.

Page 1135, Line 4-27: At line 4 you start to mix up systematic and stochastic uncer-
tainties and corresponding treatments! You cannot calculate a systematic uncertainty
according to the law of error propagation. Please completely revises this section and
also better reference the values used for comparison.

Page 1137, Line 11: What is the reason for using the 80% confidence interval? Confi-
dence intervals are typically reported at the 90, 95, or 99% level.
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P1137, Lines 21-23: ...which confirms the monitoring strategy as proposed by Hae-
berli (1998) and Haeberli et al. (2000).

P1137, Lines 24-29: This would be a good section for discussing the impacts of major
corrections in some of the long-term series or of a moving sample on the Alpine-wide
mass balance estimate.

P1138, Lines 5-8: You should specify what the term ‘representative’ refers to. As
such a sample of observed glaciers might be representative for the total glacier run-off
contribution (that originates from the few large glaciers) but not for the average specific
mass balance of all Alpine glaciers (dominated by the large number of small glaciers).

P1138, Lines 9-17: this might be a good section for at least mentioning issues related
to down-scaling techniques and potential changes in climate variability.

P1139, Line 2: ..and represent best estimates given the current state of knowledge
and available datasets.

P1140, Line 6: .. .at drastically reduced glacier size whereas others show a run-away
effect with annual mass losses above 2 m w.e.

P1140, Line 12, Colgey 2011: or Bolch et al. (2012) for the same region or Zemp
et al. (2009) globally. However, | would recommend leaving the conclusions without
references.

P1150, Fig. 1: the circles as well as the black triangles are hard to see against the dark
grey of the hillshaded terrain. Plotting elevations > 1,500 m a.s.l. in light grey (instead
of the hillshading) might do a better job.

P1151, Fig. 2: The range of the y-scale in the lower figure should be enlarged in order
to cover the full range in precipitation scenarios. Also, the thin grey lines are difficult to
attribute to the individual GCM runs.

P1152, Fig. 3: In the left panel, there seems to be a switch of the glacier hypsometry
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based estimate from over- to under-estimation of the observed balance (from left to
right which probably is from larger to smaller glaciers). Can you explain this feature?!
According to the figure caption, the glacier area of 2003 is given — where?

P1153, Fig. 4: The example given shows a glacier system where processes not in-
cluded in the modelling approach (i.e. cold ice temperature, summer accumulation
regime) might lead to a different future reaction of Grenzgletscher as compared to
Gornergletscher. When showing these two glaciers, it might be worthwhile discussing
that issue.

P1154, Fig. 5: | guess the dashed line refers to the year 2011? Having the concept
of climate scenarios in mind, | think the scenario mean is irrelevant and should not be
shown.

P1154, Fig. 5: Why do the scenarios in plot (a) not start at the same mass balance
value? And why do RCP 2.6, 4.5, and 6.0 show a trend towards less negative mass
balance until 20207 If this is due to the reference period of the scenarios starting earlier
(e.g., mean of 1961-90), it might be illustrative to show the scenario runs from the very
beginning and discuss the course of the observations within the scenario ensemble.

P1155, Fig. 6: It looks like the dashed line refers to the year 2009? For reasons of
consistency, it should refer to the same year as in Fig. 5.

P1155, Fig. 6: Again, there seems to be this trend towards less negative mass bal-
ancess until 2020?! And what is the reason for the enormous spread in reaction be-
tween different size classes after 2020 which is not visible in the observations?!

REFERENCES

Auer, I, Bohm, R., Jurkovic, A., Orlik, A., Potzmann, R., Schéner, W., Ungersbdéck,
M., et al. (2005). A new instrumental precipitation dataset for the greater alpine re-
gion for the period 1800-2002. International Journal of Climatology, 25(2), 139-166.
doi:10.1002/joc.1135

C410



Auer, |., Reinhard, B., Jurkovic, A., Lipa, W., Orlik, A., Potzmann, R., Sch, W., et
al. (2007). HISTALP — historical instrumental climatological surface time series of
the Greater Alpine Region Abstract : International Journal of Climatology, 27, 17-46.
doi:10.1002/joc

Bohm, R., Auer, I., Brunetti, M., Maugeri, M., Nanni, T., & Schéner, W. (2001). Re-
gional temperature variability in the European Alps: 1760-1998 from homogenized
instrumental time series. International Journal of Climatology, 21(14), 1779-1801.
doi:10.1002/joc.689

Bolch, T., Kulkarni, A., Kaab, A., Huggel, C., Paul, F., Cogley, J. G., Frey, H., et al.
(2012). The State and Fate of Himalayan Glaciers EH. Science, 336, 310-314.

Gorczynski, W. (1920). Sur le calcul du degré de continentalisme et son application
dans la climatologie. Geogr. Annaler 2, 324-331.

Haeberli, W. (1998). Historical evolution and operational aspects of worldwide glacier
monitoring. In W. Haeberli, M. Hoelzle, & S. Suter (Eds.), Into the second century of
worldwide glacier monitoring: Prospects and strategies (pp. 35-51). Paris, France:
UNESCO-IHP.

Haeberli, W., Cihlar, J., & Barry, R. G. (2000). Glacier monitoring within the Global
Climate Observing System. Annals Of Glaciology, 31, 241-246.

Jacob, T., Wahr, J., Pfeffer, W. T., & Swenson, S. (2012). Recent contributions of
glaciers and ice caps to sea level rise. Nature, 1-5. doi:10.1038/nature10847

Kaab, A., Paul, F., Maisch, M., Hoelzle, M., & Haeberli, W. (2002). The new remote-
sensing-derived Swiss glacier inventory. 2. First results. Annals of Glaciology, 34,
62-66.

Kaser, G., Cogley, J. G., Dyurgerov, M. B., Meier, M. F., & Ohmura, A. (2006). Mass
balance of glaciers and ice caps: Consensus estimates for 1961-2004. Geophysical
Research Letters, 33(19), 1-5. doi:10.1029/2006GL027511

C411

Nuth, C., & K&ab, a. (2011). Co-registration and bias corrections of satellite elevation
data sets for quantifying glacier thickness change. The Cryosphere, 5(1), 271-290.
doi:10.5194/tc-5-271-2011

Paul, F., Kaab, A., Maisch, M., Kellenberger, T., & Haeberli, W. (2002). The new
remote-sensing derived Swiss glacier inventory. 1. Methods. Annals of Glaciology,
34, 355-361.

Paul, F. (2004). The new Swiss glacier inventory 2000 - Application of remote sensing
and GIS. University of Zurich, Switzerland.

Paul, F., & Haeberli, W. (2008). Spatial variability of glacier elevation changes in the
Swiss Alps obtained from two digital elevation models. Geophysical Research Letters,
35(21), 1-5. doi:10.1029/2008GL034718

Radi¢, V., & Hock, R. (2011). Regionally differentiated contribution of mountain glaciers
and ice caps to future sea-level rise. Nature Geoscience, 4, 91-94. Nature Publishing
Group. Retrieved from http://dx.doi.org/10.1038/ngeo1052

Schoner, W., & Béhm, R. (2007). A statistical mass-balance model for reconstruction
of LIA ice mass for glaciers in the European Alps. Annals of Glaciology, 46(1), 161-169.

Zemp, M., Paul, F., Hoelzle, M., & Haeberli, W. (2008). Glacier fluctuations in the
European Alps 1850-2000: an overview and spatio-temporal analysis of available data.
In B. Orlove, E. Wiegandt, & B. H. Luckman (Eds.), The darkening peaks: Glacial
retreat in scientific and social context (pp. 152-167). University of California Press.

Zemp, M., Hoelzle, M., & Haeberli, W. (2009). Six decades of glacier mass-balance
observations: a review of the worldwide monitoring network. Annals Of Glaciology,
50(50), 101-111.

Interactive comment on The Cryosphere Discuss., 6, 1117, 2012.

C412



