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Author responses to review (01) of: Constraining regional glacier re-

constructions using past ice thickness of deglaciating areas – a case 

study in the European Alps 

 

 

 

First of all, we would like to thank the reviewer for the valuable and constructive comments on our 

manuscript! The comments clearly improve the quality of this study and all comments are considered. 

According to the points raised below, we addressed the differences in glacier volume between this study 

and previous calculations by estimating the geodetic volume change of Austrian Alps directly from the 

input DEMs and investigating technical differences in the delineation of glaciers from different inven-

tories. We also revised the calculation of the regional glacier volume of the Austrian Alps for the year 

1969. Furthermore, we extended the discussion of local biases in reconstructed ice thickness due to the 

regionally calibrated scaling functions and general uncertainties regarding the transferability of the 

approach to other mountain regions (section 4.3). Finally, we partially changed the illustration of thick-

ness differences between this study and previous studies in Fig. 6, as suggested by the referee. 

Our point-by-point responses are denoted below in bold. New and revised paragraphs which were in-

cluded in the main manuscript are additionally indicated by the respective line numbers and bold italic 

text.  
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Referee #1 

 

In their manuscript „ Constraining regional glacier reconstructions using past ice thickness of deglaci-

ating areas – a case study in the European Alps” C. Sommer et al. present a method to assimilate spa-

tially distributed data of observed ice thickness loss at glacier tongues into regional calibration of ice 

thickness models.   

Ice thickness observations in deglaciating areas are not necessarily representative for the state of the 

entire glacier. In particular at times of negative glacier disequilibrium, a direct assimilation for model 

calibration would lead to underestimation of the glacier volumes. Thus, they developed an empirical 

relationship between the ice viscosity at locations with in-situ observations and observations from 

DEM-differencing at the glacier margins to overcome this bias. 

They authors combine ice thickness data sets, remote sensing products and modelling for glaciers cross 

the European Alps. With respect to data availability, the calibrated model is able to reproduce regional 

glacier volumes, but larger uncertainties remain at a local scale. 

Nevertheless, the presented approach might be advantageous for improved estimation of glacier vol-

umes if applied to regions where no direct measurements of glacier ice thickness exist. 

However, the period of interest is in the manuscript comprises both states of glacier disequilibrium, 

with increasing glacier volumes in the 1970s and 80s, followed by years of strong negative glacier mass 

balances. This might be a challenging process to be considered in the discussion of the results. 

In general, the manuscript is well written. The extensive introduction is followed by a well-structured 

data and methods section. The results are discussed in the light of existing literature and conclusions 

contains the outlook for application of the presented method to glacierized mountain regions world-

wide. Figures and Tables good are balanced with the results in the main text. 

 

Thank you very much for taking the time to review our manuscript! The comments significantly 

helped to improve the presentation & discussion of results in this study as well as the general legi-

bility. 
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RC.01. = Comments of referee 1 

 

General Comments 

 

RC.01.01: As mentioned in L185, changes in glacier area and volume were very small in the 1970s and 

1980s. This may have been more valid for smaller glaciers, such as those in the eastern Alps, than on 

large valley glaciers in the western part of the Alps. For the Swiss Alps, the volume change between 

1970 and 2003 is about 20.9 km³, which corresponds to the values of 22.51 ± 1.76 km³ presented by 

e.g. Fischer et al. (2015). However, the volume change calculated from the total glacier volume pre-

sented for Austria (1970: 28.7±7.3km³; 2003: 13.3±3.8km³) is more than half of the original 1970 glac-

ier volume. In comparison, Lambrecht et al. 2007 found a volume of 22.8 km3 for 1969 (GI 1) and 17.7 

km3 for 1998 (GI 2), corresponding to a loss of 22%. Helfricht et al. (2019) presented a glacier volume 

loss of 6.4 km³ or 29% of the original volume from 1969 to 2006 (1969: 22.3 km³, 2006 15.9km3). The 

distinctly higher volume loss presented in this study results in part from the high volume in 1970. This 

should be discussed by the authors, especially based with respect to different glacier sizes.  

 

Response: We agree with the reviewer that the differences in reported glacier volumes of 

the Austrian Alps are large and should be addressed in more detail. Therefore, we (1) revised 

the ice thickness reconstruction of the Austrian Alps, (2) computed the geodetic volume 

change of the studied period directly from the input DEMs (DHM69 - SRTM) and (3) analyzed 

differences regarding the glacier inventories used by this and previous studies.  

As mentioned above by the reviewer, the total glacier volumes for 1969 (22.3 km³), 1998 

(19.7 km³) and 2006 (15.9 km³) by Helfricht et al. (2019) are distinctly smaller than the 1969 

(~28 km³) and larger than the 2000 (~14 km³) volumes by this study, respectively. 

(1) Regarding the very large difference between the 1969 Austrian glacier volume of this 

and previous studies (Lambrecht and Kuhn, 2007; Helfricht et al., 2019), we checked 

the calculation of the regional glacier volumes as presented in Table 1. Thereby, we 

noticed an error which caused a substantial overestimation of the 1969 volume. All 

ice thickness maps presented in this study were created in UTM projection. Since 

glaciers of the Austrian Alps are partially located in the UTM zones 32N and 33N, we 

created two ice thickness reconstructions for the respective UTM zone. Unfortu-

nately, some of the glaciers which are located close to the UTM border between 32N 

and 33N were created by both reconstructions, resulting in an overestimation of the 

total glacier volume. This error in the Austrian Alps did not bias the derived viscosity 

scaling functions, these are based on the individual glacier viscosity fields and not on 

the total regional volumes, but caused a very large glacier volume in 1969 and there-

fore a bias in the volume comparison in section 4.3. The actual volume estimate is 

23.9 km³ which is ~15% smaller than the original value but still higher than the vol-

ume reported by Lambrecht and Kuhn (2007) and Helfricht et al. (2019). 

We assume that the remaining differences in 1969 and 2000 glacier volumes are most likely 

related to the used elevation change data (2) and glacier outlines (3): 
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(2) To evaluate the surface elevation change maps provided for the thickness recon-

struction we refer to a previous study on glacier elevation and geodetic volume 

changes in the Austrian Alps by Lambrecht and Kuhn (2007). In this study, photo-

grammetric DEMs were used to calculate glacier volume changes of the Austrian Alps 

between 1969 and 1998. Thereby, the authors reported an overall change in glacier 

volume of -4.9 km³ during this period. Probably, this value can be seen as a lower 

bound of volume change during this period because for a small fraction of the 1969 

Austrian glacier inventory, it was not possible to derive elevation changes due to 

insufficient quality of some of the aerial photographs (Lambrecht and Kuhn, 2007). 

Based on the DHM69 and SRTM DEM used in this study, we calculate a volume 

change rate of -0.207±0.037 km³a-1 within the period 1969-2000, which is very simi-

lar to the observation period of Lambrecht and Kuhn (2007). Multiplied by ~29 years, 

the total volume change between 1969 and 1998 is approximately -6.0±1.1 km³ 

which is slightly more negative than the calculation by Lambrecht and Kuhn (2007). 

The remaining negative offset between the volume changes could be related to a 

negative elevation bias of the SRTM DEM at high altitudes which has been observed 

in the European Alps (Berthier et al., 2006; Paul, 2008) and elsewhere (Kumar et al., 

2020). Another explanation could be the slightly different observation periods or the 

calculation of elevation change from DEM acquisitions of different seasons (DHM69: 

autumn, SRTM: winter), which we cannot avoid in this comparison. However, this 

explanation is not very likely because the temporal offset between the observation 

periods is very small (< 2 years) and the annual glacier mass loss of the years 1999 & 

2000 was not substantially higher than the mass change of previous years. Never-

theless, the error bars of our volume change estimates overlap with the reference 

value reported by Lambrecht and Kuhn (2007), indicating no substantial bias in the 

surface elevation change data used in this study for the Austrian Alps. 

 

(3) Further differences between the ice thickness reconstructions result from the used 

glacier inventories. Large differences in glacier area between the Austrian glacier in-

ventories (GI 1-3) and Randolph Glacier Inventory (RGI) due to different outline de-

lineations can be observed. The glacier volumes shown by Helfricht et al. (2019) for 

~1998 (19.7 km³) and 2006 (15.9 km³) are based on glacierized areas of 470.7 km² 

(GI2) and 414.1 km² (GI3), respectively. The total glacier area of the Austrian Alps 

indicated by the RGI (~2003) is significantly smaller than both numbers. The RGI area 

sum of all glaciers which are at least partially located in Austria is 394.7 km². An 

example for these substantial differences between the available outlines is shown 

in Figure R1 and Table R1 below. 
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Figure R1: Comparison of different outlines of glaciers of the Glocknergruppe, Austrian Alps: GI1 
1969 (Patzelt, 1980), GI2 1998 (Lambrecht and Kuhn, 2007), RGI 2003 (Paul et al., 2011) & GI3 
2009 (Fischer et al., 2015). Background: SRTM Hillshade. 

 

Table R1: Number of glaciers and area of glacier samples shown in Figure R1: “Year” refers to 
the acquisition year of the respective glacier outlines as indicated in the provided metadata. 
The “Relative difference to GI2 area” column indicates the difference in area between the GI2 
inventory and each other inventory (in percentages).    

Inventory Year N. Glaciers Area [km²] 
Relative differ-

ence to GI2 
area 

Authors 

GI1 1969 79 68.9 + 16% Patzelt (1980) 

GI2 1998 78 59.8 0% 
Lambrecht & 
Kuhn (2007) 

RGI 2003 66 46.9 - 22% 
Paul et al. 

(2011) 

GI3 2009 78 51.7 - 14% 
Fischer et al. 

(2015) 

 

Additionally, we initially reconstructed all Alpine glacier areas in this study and used 

thereafter a country border shapefile (Natural Earth 2022) to crop the glacierized 

areas to the respective country borders. This was necessary to provide a value for 

each country. For Austria, RGI glacier area of ~360 km² which is 23% and 13% less 

than the respective areas of the GI2 & GI3. Presumably, these differences are at 

least partially caused by a different delineation approach and differences in the in-

terpretation of glacier extents, as stated by previous studies (Paul et al., 2011; 

Fischer et al., 2015), and ,potentially, the temporal difference and glacier retreat 

between the GI2 (1998) and RGI (2003). However, it is striking, that the RGI glacier 



6 
 

area is even smaller than the more recent glacier inventory GI3 which might indicate 

that glacier areas of the Austrian Alps are in general slightly underestimated by the 

RGI.  

 

All in all, we conclude that a rate of volume change between 1969 and ~2000 should not be 

directly derived from the numbers which we provided in Table 1. Likewise, it is difficult to 

directly compare early 21st century glacier volumes based on the Austrian GI2&3 (Lambrecht 

and Kuhn, 2007; Helfricht et al., 2019) and based on the RGI (this study). The reason for this 

is that the RGI glacier area, on which our second reconstruction step is based on, is much 

smaller than the glacier areas of the Austrian GI2 (1998) as well as GI3 (2006). This difference 

in glacier area is caused by technical differences between the inventories and the masking 

of the RGI glacier area to the exact country borders of Austria (3). The latter is necessary for 

our alpine-wide results as otherwise the sum of glacier volumes of the individual countries 

would be larger than the alpine-wide total volume.  

To estimate the ~2000 glacier volume for the Austrian Alps of this study based on the Aus-

trian inventory (GI2) instead of the RGI, we calculated the mean ice thickness of glacier areas 

which are included in the RGI and GI2 (~75% of the total GI2 area) and multiplied by the total 

glacier area of the GI2. With this approach, the approximated glacier volume for the Austrian 

Alps is 17.4 km³ which is more similar to the previously reported values of 17.7 km³ (Lam-

brecht and Kuhn, 2007) and 19.7 km³ (Helfricht et al., 2019) for the 1998 glacier area of the 

GI2.  

In 1969, the difference in reconstructed ice thickness is more difficult to explain. The revised 

volume (1) of this study (~24 km³) is higher than the result of Helfricht et al. (2019), although 

both studies are based on the same glacier inventory (GI1). The higher volume in 1969 of this 

study might be caused by the observed slight overestimation of the glacier volume (and 

mass) loss since 1969 as shown above (2). Potentially, the reconstruction produces a higher 

1969 glacier volume due to a more negative mass turnover as interfered from the surface 

elevation change data. Thereby, an overestimation of the surface elevation change rate 

since 1969 would also result in a higher glacier volume at the beginning of the observation 

period. 

Changes in main manuscript: To address these volume differences in the manuscript, we (1) 

revised the total 1969 glacier volume of this study in section 4.1, 5 and Table 1 as well as the 

derived volume changes for the Austrian Alps. Additionally, we extended the volume com-

parison in section 4.1 by the following paragraphs to discuss the remaining differences in 

glacier volume and areas (2 & 3):  

L433: “Particularly for the Austrian Alps, large differences in regional glacier extents can be 

observed between the RGI glacier areas used in this study (Paul et al., 2011) and the Austrian 

glacier inventories GI2 and GI3 (Lambrecht and Kuhn, 2007; Fischer et al., 2015). Spatial dif-

ferences in the delineation of glacier outlines appear to be mostly connected to small- and 

medium-sized glaciers and might be, at least partially, explained by the integration of per-

ennial snowfields in the Austrian inventories as described by previous studies (Lambrecht 

and Kuhn, 2007; Paul et al., 2011). Therefore, a direct comparison of the GI2 and RGI glacier 

areas is difficult as reported by previous studies (Paul et al., 2011; Fischer et al., 2015). In 

addition, the RGI glacier area attributed to the Austrian Alps by this study is further reduced 

as we masked all glacierized areas to the Austrian country border in order to derive the 
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specific glacier volumes of each Alpine country (Table 1). We assume that the large differ-

ences in glacier volume for the early 21st century by this study and Helfricht et al. (2019) are 

related to the substantial differences in glacier area of the used inventories. 

Assessing the difference in Austrian glacier volumes for 1969 by this and a previous study 

(Helfricht et al., 2019) is more complex since both studies are based on the same glacier in-

ventory (GI1). Between 1969 and 1998, a volume change of -4.9 km³ was measured by Lam-

brecht and Kuhn (2007) based on DEM-differencing. For the very similar observation period 

1969-2000 we derive a volume change rate of -0.21±0.04 km³a-1 from the input DEMs (SRTM 

– DHM69) used in this study (section 2.4.1) which results in a more negative total volume 

change of -6.0±1.1 km³ for the reference period 1969-1998, which might be related to a neg-

ative elevation bias in the SRTM DEM at high altitudes (e.g. Berthier et al., 2006). Therefore, 

a potential explanation for the higher 1969 glacier volume in this study might be an overes-

timation of the surface elevation changes, and thus mass loss, of Austrian glaciers since 

1969.” 

In Table 1, p.17 (presentation of glacier volume results) we added a remark with annotations 

(*) in the table that the volume numbers are based on different glacier inventories with large 

differences in glacier area due to methodological differences and should not be used directly 

to derive volume change rates. 

 

RC.01.02: Despite the regional differences in glacier volume, the local differences due to the different 

methods are obvious in figure 7. At Pasterze, for example, the highest estimate results from the pre-

sented method using retreat observations. However, the glacier appears to have a fairly thick tongue 

fed by a broad but relatively shallow upper cirque known from GPR measurements. The overestimation 

of ice thickness at higher elevations of the glacier causes a range of ice volume estimates by almost a 

factor of two, with the approach of this study at the upper end. Possibly, this is also true for other 

glaciers with similar topographic features (Rhone, Findel, ...). The same is shown in Figure 6 g vs. i, 

where bluish colors dominate the upper and lower parts of the Pasterze. But also, smaller glaciers 

southwest of the Pasterze show maximum ice thicknesses of up to 150 m in Figure 6g. A higher ice 

thickness and thus a higher ice volume also seems to be modelled for the Aletsch glacier region when 

comparing the presented approach (Fig. 6b) and the estimate constrained to measured ice thickness 

(Fig. 6d). It can be concluded that an overestimation of glacier volume may be calculated for regions 

where most of the ice thickness change data for calibration come from still thick glacier tongues of 

typical valley glaciers. 

Response: Local biases in estimated ice thickness due to the regionally-calibrated correction 

functions present a large uncertainty for individual glaciers as shown in Fig. 6 & 7 and dis-

cussed in section 4.3 for Aletsch glacier. We deliberately included the Pasterze in Figure 6 

because the upper part of the glacier is one of the most prominent examples for a significant 

overestimation of the actual ice thickness by the reconstruction based on retreat thickness 

and viscosity correction (Fig. 6g). As mentioned above and in section 4.3, this bias is often 

found for flat glacier parts at high elevation and is in most cases introduced by the slope 

function. With the here presented regionally calibrated correction terms, it is very difficult 

to avoid these local biases if no direct thickness measurements are available (also compare 

Fig. 6f & g). 
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Additionally, we extended the discussion of thickness biases due to the scaling functions in 

section 4.3 by illustrating the potential overestimation of ice thickness for the example of 

the upper parts of the Pasterze (p.24, l.516): 

“The initial slope-dependent viscosity correction (ξ𝜂𝑠𝑙𝑜𝑝𝑒) shows a tendency of overestimat-

ing the ice thickness at high elevation. This pattern can be directly observed in the ice thick-

ness maps (Fig.5 & 6). This is likely caused by the relatively large and flat accumulation areas 

of some Alpine glaciers where a high correction factor is applied to the ice flux. A very prom-

inent example for such a significant overestimation of the actual ice thickness by 𝑯𝑺𝑰𝑨𝟐𝟎𝟎𝟑
𝒓𝒆𝒕𝒓𝒆𝒂𝒕  

can be observed at the Pasterze in Fig. 6f & g. For the large and mostly flat upper part of 

Pasterze, high viscosity values are estimated by the regionally calibrated slope-dependent 

correction. Without direct thickness measurements, it is very difficult to avoid these local 

biases.”      

  

RC.01.03: The more general question is whether the scaling parameters and its thresholds, which are 

derived primarily from low-lying glacier tongues, are universally applicable to entire mountain regions 

with different assambling of glacier types. Please include this in more detail in your discussion. 

Response: This is an important suggestion and probably one of the main uncertainties which, 

unfortunately, we cannot completely avoid in this study. We suggest to extend the discus-

sion in section 4.3 at l540 by: 

“Eventually, the presented approach could be most beneficial in regions with large glacier-

ized areas and sparse thickness observations where the glacier volume has to be interfered 

mostly from remote sensing information. However, another potential source of uncertainty, 

regarding the transferability of the presented correction terms to glacierized areas outside 

the European Alps, is related to the varying regional glacier morphologies in terms of size 

composition and elevation range. While the found empirical relations between ice viscosity 

and glacier surface topography have been applied to a different observation period and 

larger study region (𝑯𝑺𝑰𝑨𝟐𝟎𝟎𝟑
𝒓𝒆𝒕𝒓𝒆𝒂𝒕 ), we expect that the scaling functions are to some degree re-

lated to the geometries and size distribution of glaciers in the Swiss and Austrian Alps. In the 

European Alps, this uncertainty cannot be avoided because the overall distribution of a large 

number of small to medium-sized cirque glaciers with few large valley glaciers remains sim-

ilar between 𝑯𝑺𝑰𝑨𝟏𝟗𝟕𝟎
𝒓𝒆𝒕𝒓𝒆𝒂𝒕  and 𝑯𝑺𝑰𝑨𝟐𝟎𝟎𝟑

𝒓𝒆𝒕𝒓𝒆𝒂𝒕 , despite the substantial reduction in glacierized area 

since the 1970s. Further, the presented relations might be linked to the geographic environ-

ment of the European Alps as glacier changes are connected to the surrounding topography 

and climatic conditions (Abermann et al., 2011). To quantify this relation between the geom-

etries of Alpine glaciers and the derived scaling parameters and to examine the transferabil-

ity, it would be mandatory to extend the presented analysis to other glacierized regions with 

different glacier morphologies, such as marine-terminating glaciers, as well as different cli-

matic settings, which is beyond the scope of this work.” 
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Specific comments 

 

RC.01.04: L164 Please provide information on which resampling method was used. 

Response: A bilinear resampling method was used. We changed the sentence accordingly: 

“Finally, all elevation change fields were bilinearly resampled to a spatial resolution of 30m.” 

 

RC.01.05: L170 Please present a value of the uncertainty per year relative to the mean annual ice 

thickness change (or relation of the total values for the 50y-period). 

Response: We added respective relative uncertainty values.  

 

RC.01.06: L204 and L214 Please present in addition the relative value to the mean of the measured 

ice thickness 

Response: We added the relative uncertainty of the in-situ and retreat thickness observa-

tions in l.204 & l.214. 

 

RC.01.07: L276 Eq. 5 With respect to the slope threshold, this equation may need a validity indica-

tion. For slopes smaller the threshold, the result may become negative else?! 

Response: Yes, this is an important point. We added “ … for α ≤ 𝜶𝜼
𝒕𝒉𝒓𝒆𝒔 “ to Eq.5 as suggested 

in the comment below. 

 

RC.01.08: L295 Eq.6 Same like in Eq. 5, a range of validity should be given (h≥htres?) 

Response: In contrast to Eq.5, Eq.6 is valid and applied across the entire (normalized) eleva-

tion range between 0.0 and 1.0. We added therefore “… for 0 ≤ h ≤ 1.0” to Eq. 6. 

 

RC.01.09: L273 to L293 Please consider to move the two equations to Chapt. 2.2 

Response: We agree that it may be favorable to have all equations in the same section. How-

ever, with the current structure, the presentation of Eq. 5 & 6 in sections 2.5.1 is closely 

followed by Figure 4 & 5 in section 3.1 which show the calculation of those equations. 

Thereby, section 2.2 provides a rather general introduction to the underlying approach (from 

previous studies). After the presentation of the input data, section 2.5 gives a detailed over-

view of the experimental setup and the approach developed in this study, followed by the 

presentation of the specific outcomes. Therefore, we would prefer to keep both equations 

in section 2.5.1 to preserve this separation between the general reconstruction method (of 

previous studies) and the new developments of this study in section 2.5 and 3. 

 

RC.01.10: Figure 2: Please increase the font used in the legend. 

Response: Legend fonts were increased. 
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RC.01.11: Figure 6: Partly it is hard to see the main differences apart the big blue Aletsch glacier. One 

option would be to present difference maps between b/g and the other calculations in c/d/e and 

h/i/j using a different colour grading differentiating negative and positive differences. 

Response: Agree, difference maps between the retreat thickness setup of this study and the 

reference studies are another interesting illustration to show the local deviations in esti-

mated ice thickness. As example we have created a respective figure for Aletsch glacier be-

low (same figure for Pasterze will be added during revision).  

We replaced the lower panels of Fig. 6 with the difference maps of Aletsch (example below) 

Fig. 6 b-e) and Pasterze Fig. 6 g-j). The original panels of the ice thickness maps (as provided 

by the reference studies) were moved to a new figure in the supplement. 

 

 

Figure 2: Reconstructed ice thickness (𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡 ) of Aletsch (b) and Pasterze glacier (g). Vertical differences in ice thickness 

between 𝐻𝑆𝐼𝐴2003
𝑟𝑒𝑡𝑟𝑒𝑎𝑡  and previous studies for Aletsch glacier are shown in panel (c) Farinotti et al. 2019a, (d) Grab et al. 2021 

and (e) Millan et al. 2022. (Background: SRTM hillshade) 

 

RC.01.12: Figure 7: Please add the axis title for ice thickness. 

Response: We added “Mean ice thickness [m]” to the x-axis 
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