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6 November 2014

Dear editor and reviewers,

Please, find enclosed a revised version of our manuscript (MS) now entitled “Glacier
topography and elevation changes derived from Pléiades sub-meter stereo images”. To
facilitate your assessment, we uploaded a track-change version of the revised MS.

We thank all reviewers for their remarkably fast and constructive assessment of our study.
You will find below a copy of all reviewer comments and, in blue, a point-by-point response
to them.

We hope that these corrections/clarifications make our paper now suitable for publication in
The Cryosphere.

Yours sincerely,
Etienne Berthier and co-authors




0. Summary of our responses to the main reviewer’s comments

0.1. Quality of Pléiades DEM in accumulation and flat areas

All reviewers required some more convincing evidences that Pléiades DEMs realistically
represent the accumulation areas of glaciers, ice cap and ice sheets. This is now done (i)
qualitatively by adding Figures® R4 and R5 and (ii) quantitatively by evaluating specifically the
Pléiades Mont-Blanc DEM against some GNSS measurements performed at altitudes over
4000 m a.s.l., well above the equilibrium line altitude in this area. See our response to the
General remark of reviewer#1 for more details.

0.2. Re-organization of the manuscript

All reviewers noted some confusion in the MS, mainly because the presentation of the data
and the methods were not separated. This is now done with a clear separation between
datasets (section 2) and methods (section 3).

0.3. Improved estimate of the 2003-2012 region-wide mass balance of the Mont-Blanc
Processing of a new August 2012 Pléiades stereo pair allowed us to provide a full coverage of
the Mont-Blanc area (the southernmost glaciers were not included in the submitted MS).
This is, to our knowledge, the first region-wide mass balance estimate for this region. This
result strengthened the glaciological part of the paper.

Yn this letter, figures are named R1, R2, etc... because the order of figures changed between the submitted
and the revised MS.



Reply to reviewer#1

In their TCD manuscript “Glacier topography and elevation changes from Pléiades very high
resolution stereo images” Berthier et al. generated high resolution DEMs of five glacierized
study areas from recent Pléiades acquisitions. The accuracy and precision of the derived
DEMs were tested by comparing the DEMs with recently collected GNSS data. Further, they
determined the applicability of the new Pléiades DEMs to derive seasonal, annual and multi-
annual glacier elevation changes by comparing the DEMs with GNSS data, a multi-temporal
Pléiades DEM and an older SPOT DEM respectively.

Overall | find the manuscript is well written and interesting to read. | also think the data
processing is clean and the derived DEMs are of high quality. Therefore | suggest publication
in the Cryosphere after some revisions although the manuscript would also fit in a more
technical remote sensing journal. However, | have some general remarks and a few specific
comments as listed below.

General remarks:

1/ In the manuscript little is said about the behavior of Pléiades data in the accumulation
area of glaciers or in the relative featureless and white terrain of Antarctica which is the
main drawback of optical stereo photogrammetry of glaciers and which is probably
interesting for researchers working in Greenland and Antarctica. On Page 4854 line 4 you
mentioned that the wide radiometric range of Pléiades improves the image contrast
significantly, but looking at Figure 2 (Astrolabe) | wonder how well is Pléiades really working
in the upper part of the glacier, which seems to be mostly white and featureless and where
no reference data is available (the spatial limitations of the reference data need to be
mentioned in the discussion). | am not asking to compare the DEM with CryoSat-2 tracks as
this is probably behind the scope of the manuscript, but a quantitative approach could be a
visual interpretation of a zoomed shaded DEM in comparison with the original satellite
images, as the interesting thing of Pléiades is its great detail. Another idea would be to
compare zoomed parts of a Pléiades hillshade with a hillshade of the upper parts of the
Astrolabe SPIRIT DEM published in Le Meur et al. (2014) in order to show the superiority of
Pléiades against SPOT in featureless terrain.

Some of the GNSS measurements used to evaluate the DEMs were acquired in the
accumulation areas. We failed to highlight this in the submitted MS. This is now more
clearly discussed in the revised MS, in particular for the Mont-Blanc area where we
acquired some measurements at altitude >4000 m a.s.l., well above the equilibrium
line altitude of about 3000-3100 m a.s.l. in the French Alps (Rabatel et al., 2013).

We also included two additional figures in the revised paper (Fig. R4 & R5, shown at
the end of our response to reviewer#1). The first one shows SPOT5 and Pléiades ortho-
images, DEMs and shaded relief images for the accumulation basin of the Mer de
Glace, also known as Glacier du Géant, in the Mont-Blanc area. Elevation contour lines
are overlaid on the DEMs. During both glaciological years 2002-03 and 2011-12, the
mass balances were strongly negative and surface conditions in August 2003 and 2012,
at the time of acquisition of the SPOT5-HRG and Pléiades images, were similar. The
figure shows that the Pléiades DEM is much smoother and has far fewer artefacts than
the SPOT5 DEM.



A similar figure has been added for Astrolabe Glacier (Antarctica) with three panels. A
Pléiades image (for the geographic context) and two shaded relief images derived from
the Pléiades and SPOT5-HRS DEMs on top of which the 100 m elevation contour lines
are overlaid. The panels illustrate visually the reduced noise level in the Pléiades DEM.
Addition of this figure R5 (and not only Fig. R4 for the Mont Blanc) is justified by the
curiosity of all reviewers regarding the quality of the Pléiades DEMs in Antarctica.

Finally, we have modified Figure R2 to include, in a sixth panel, an enlargement of the
Pléiades image covering the upper part of Astrolabe Glacier (elevation of 700-750 m
above the WGS-84 ellipsoid). The panel shows the presence of numerous surface
features in the Pléiades images. Thus, we suggest in the revised paper that not only the
12-bit encoding of the radiometry but also the higher resolution of the sensor is
important to obtain precise and nearly complete DEMs. Indeed, a fine resolution allows
capturing some fine scale surface features that facilitate the matching between the
images.

A sentence has been also added in the abstract regarding accumulation areas.

Specific comments:
Title: | think “Glacier topography and elevation changes derived from high resolution
Pléiades stereo images” would be more correct?

New title adopted but high resolution replaced by sub-meter.

Abstract page 4851 line 5: | think it is important to work out the actuality of the study. You
could mention that Pléiades is a very recent satellite mission (not sure if this is clear to all TC
readers) and that little work has been done so far to derive glacier topography from Pléiades
data. This would clearly increase the importance of the manuscript and justify publication in
TC.
“recently launched” added to the abstract and a sentence added in the “Data” section
of the MS.

Page 4852 line 3: here you could state that geodetic mass balances are also included in the
new IPCC report (Vaughan et al., 2013). | think for the first time, double check. This would
also underline the importance of the study.
True. In Chap4, section 4.3.3.3, Vaughan et al. (2013) states: “Since AR4, geodetically
derived ice volume changes have been assimilated (Cogley, 2009b), providing more
consistent regional coverage and better representation of the proportion of calving
glaciers.” A sentence was thud added in the introduction of our paper.

Page 4853 line 1: maybe you could mention the launch dates of the Pléiades satellites
already here?
Years of launch added.

Page 4853 line 8: 1 am not so happy about the structure of this chapter. Would it not be
clearer to make one chapter for “Datasets” and one for “DEM generation”? Subsection
“Study areas” could also be included in the introduction.

Page 4854 line 21: extra subsection for the GNSS data could be included in the Data section.
The same applies for the Lidar DEM and the SPOT DEMs (which also should be described
shortly).



The structure of the MS has been modified by separating the description of the
datasets and the method of DEM generation. The previous sub-section “study area” is
now included in the “Pléiades stereo images” sub-section (so not in the introduction).
Description of other datasets than Pléiades are now included in dedicated sections. See
revised MS.

Page 4854 line 12-15: why not include a schematic figure of the triplet mode? | find it a bit
confusing to go to such a long URL in the continuous text.
We agree that the long URL was not very convenient, it was thus removed. Given that
the vast majority of readers will be familiar with the concept of stereo pairs, we think
that tri-stereo will be easy to understand for most of them (quite intuitive). We did not
include an additional figure.

Page 4855 line 28-29: “Some tests were also performed with a pixel size of 2 m that did not
improve results and are therefore not reported here.” This sentence could probably be
deleted.

Deleted.

Page 4858 line 5: typo: “prominent”, such as?
Typo corrected.

Page 4858 line 10: here you state that no GCPs were available for Astrolabe (Antarctica) and
Mera (Nepal). However, in Table 4 you say that 22 GCPs were available for Himalaya — Mera
from SPOT. Somehow inconsistent.

We have now clarified that no GNSS-measured GCPs were available for Mera Glacier.

Page 4866 line 15: “...can reduce the percentage of data voids and slightly improve
precision.” Is not this an added value?
Correct. We have now clarified our wording. There is indeed an added value of tri-
stereo but it is moderate and may not justify the additional cost for smooth glacier
surfaces. We also modified the corresponding text (paragraph 4.4.4)

Page 4867 line 1-2: What about problems in featureless accumulation areas? How is the
improvement compared to other optical sensors such as SPOT or ASTER?
See response to the general comment and new figures R4 and R5.

Page 4871 line 12: typo: “Kropacek”
Thanks, this was a typo introduced during type-setting. It was OK in the submitted (and
now revised) MS.

Figure 2: | think this Figure can be deleted, as it is not really meaningful.
We believe it is important to show the distribution of the reference data used to
evaluate the DEM. The figure has been retained but improved by adding a sixth panel
with an enlargement of the Pléiades image of Astrolabe Glacier.

Figure 3 and 4: please insert geographic coordinates. Where are the glacier outlines from?
Digitized from the Pléiades images? Please describe, maybe in the Methods section. Also



the GCPs could be shown. Figure 3 and Figure 4 might be combined into one a b subplot.
Why not show a hillshade of the Pléiades DEM in the background (at least in Figure 4?) this
would give much more information about the DEM quality on the glacier.
We decided to keep two separate figures (R3 and R6) to ensure they will be published
at full width and not as two small panels side by side. Section 3.3 now describes how
glacier outlines were obtained. Geographic coordinates added. GCPs are shown on
former Fig. 4 (now Fig. R6) where the shaded relief DEM has been added as
background.

Figure 5 and 6: maybe these Figures could also be combined into one a b subplot. Also
geographic coordinates and GCPs should be included. Where are the glacier outlines from?
Digitized from SPOT?
We prefer to keep them as two separate figures (R7 and R8). Geographic coordinates
added. Source of the outlines provided in the new ‘Methods’ section (yes, digitized
from SPOTS5). Pléiades GCPs added in Figure 5 (now Figure R7).

Figure 6: looking at this figure, | am assuming a linear ramp across the entire scene reaching
from -5 m in the upper left corner to +5 m in the lower right corner (hard to tell at this color
scale). This possible ramp need to be checked and if present also removed as it might have a
significant impact on the results. It possibly originates from the SPOT DEM as it is not so
obvious in Figure 5?
Figure 6 (now Fig. R8) is deeply revised. We computed an additional August 2012
Pléiades DEM for the southern part of the Mont Blanc area in order to compute the
geodetic mass balance for the whole Mont-Blanc area. This southern DEM was
computed using only two GCPs shared with the northern DEM. The mean elevation
difference between the southern and the northern DEM on the ice free terrain was
0.27 m and the horizontal shift was only 0.2 m. After 3D co-registration, the mean
elevation difference between those two synchronous DEMs on glacier is 0.06 m. This
additional analysis demonstrates further the quality of the DEMs, even with two GCPs.
We also fitted a first order polynomial fit (i.e., a plane) to the 2003-2012 elevation
differences off glacier. The standard deviation of the elevation difference is reduced
marginally from 7.35 m (removal of a simple offset, 0 order fit) to 7.21 m (removal of a
plane, 1 order fit). The geodetic mass balance for the whole Mont-Blanc area is nearly
unchanged following this correction: from -1.02+0.23 m a™* w.e. (0 order fit) to -
1.0440.23 m a™ w.e. The changes are also negligible if a 2" order polynomial is fitted
to the elevation differences off glaciers (new mass balance -1.02+0.23 m atw.e.)

Also a hillshade of the Aqua Negra study site, the Mera study site and Astrolabe glacier (see
general comments) would be interesting, including the GNSS data points, the GCPs (if
available), glacier outlines and geographic coordinates. For Astrolabe a comparison with the
SPIRIT DEM could be interesting.
See shaded relief images of the Mont-Blanc area, Astrolabe Glacier and Icelandic study
sites in the revised figures (R4 and R5, reproduced below).



Figure R4: Comparison of the 21 August 2003 SPOT5 and 19 August 2012 Pléiades DEMs of
the accumulation basin of the Mer de Glace (known as the Géant Glacier). The upper panels
show the SPOT5 data and the lower panels the Pléiades data. From left to right, the panels
show successively the satellite images, the DEMs with the 50-m elevation contour lines and
the shaded relief images derived from the DEMs. Note the higher percentage of data voids
and artefacts in the SPOT5 DEM.
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Figure R5: Comparison of the 14 December 2007 SPOT5 and 6 February 2013 Pléiades DEMs
of Astrolabe Glacier. The left panel (a) shows the Pléiades image. The two right panels show
shaded relief images derived from the Pléiades DEM (b) and the SPOT5-HRS DEM (c) with the
100-m elevation contour lines overlaid.




Reply to reviewer#2

The manuscript "Glacier topography and elevation changes from Pléiades very high
resolution stereo images" of Etienne Berthier and others provides detailed technological and
methodological information for glacier thickness change determination from data of the very
new Pléiades satellite. This concerns in particular DEM extraction and data post-processing
from these very high resolution stereo images. It is of high interest for glaciological related
work with this very new available data and underlines the high potentials of this sensor for
coming research activities. Overall, this study provides results that are of high interest for
people that are dealing with Pléiades DEM extraction and their post-processing as well as for
coming glaciological research activities. It emphasizes the suitability of Pléiades for geodetic
mass balance estimates from optical stereo data in very different topographies.

This is clearly a competent and amazing study, and | would recommend this manuscript for
publication after revision process. Please consider in this regard my general and specific
comments:

GENERAL COMMENTS

- For me it is not 100% clear what the stated objective of this manuscript exactly is. It is great
in regard of Pléiades data processing and comparison for the determination of glacier
elevation changes, but it is submitted to a journal that is more interested in glaciological
findings. Apart from the high quality of methodological and technological description, what
are the core glaciological findings and conclusions that result from your work? What could
moreover be of particular interest in regard of the scope of this journal?
It is true that the TCD readership is more interested in thematic (e.g., glaciological
findings). So we tried to put slightly more emphasis on this aspect in the revised MS, in
part by computing an additional Pléiades DEM covering the southern part of the Mont-
Blanc area and thus allowing us to estimate the region-wide mass balance for this
entire area for the first time (a glaciated area covering more than 160 km?). We agree
that our study could alternatively have been submitted in a remote sensing journal
(RSE, ISPRS, etc...) but our primary target audience is glaciologists. Thus we preferred
to choose an open-access journal, widely read by our community. Our understanding
(after discussion with two TC editors) is that The Cryosphere is OK to consider papers in
which methodologies useful for the glaciological community are the core of the study.
Like in the “Instruments and Methods” section of the Journal of Glaciology.
In agreement with reviewer#3, we did not push further the glaciological interpretation
of these results.

- The introduction focuses on geodetic mass balances from various remote sensing data, so |
would expect the same for this paper with Pléiades as the core result. Why was the study
not conducted to an end for more glaciers in the difference image of Pléiades to SPOT-5?
Two mass balances were calculated, but there are more glaciers in this region. The section of
geodetic mass balance determination is in general pretty short. You have great data and
results, so readers would be surely interested in further glaciological results.

The goal of the study is to demonstrate the potential of a new family of satellites, not

to compute geodetic mass balance everywhere (anyway Pléiades and SPOT5 stereo



pairs are not available everywhere). The revised MS now includes the geodetic mass
balance for the whole Mont Blanc massif, and the 10 largest glaciers in this area.

- Please overwork the structure of this manuscript. Make it more clearly by re-arranging and
shortening sections chapters. Cross-references to subsequent text passages make it hard to
read. Sentences particularly at the beginning are often long and phrasing in such cases is
complicated. There are often long and multiple parentheses even in one single sentence.
Please try to avoid too many parentheses in the text if possible. | would prefer shorter and
more precise sentences to easier extract your information
(e.g. P4852, L15-22).
The structure and writing of the paper has new been revised following the suggestions
of the three reviewers. We stress that the submitted MS was proof-read by a native
speaker. Many multiple parentheses were removed.

- Several parts of this study are extensively described (e.g. about the NMAD and the settings
of PCl), but other important parts are in my opinion too short. This concerns for example
DEM post-processing with quality assessment and outlier detection to the final mass
balance.
The procedures to account for data gaps and derive the final mass balance are now
better described.

- You did not fill DEM voids, but there was no statistical evaluation of extracted terrain
values conducted in order to exclude DEM pixels of poor quality. How was outlier detection
employed? This is surely an issue in glacier accumulation zones were terrain extraction
might be hampered due to low contrast. | would still expect areas of poor elevation
estimates in snow covered glacier areas despite the sensors high radiometric resolution (12-
bit). The study sites "Tungnafellsjokull" and "Astrolabe" show in Figure 2 low contrast
alterations. A hillshade of your extracted DEMs in general, but particularly at these areas
would be interesting to see. Low contrast alterations might be also an issue in the DEM of
SPOT-5 that you used for differencing. You can generate an additional score channel image
when extracting a DEM with PCI which provides information of the correlation coefficient for
each extracted DEM pixel. Wouldn’t it be advisable to use a correlation threshold for the
exclusion of poor quality terrain? | wonder how good this correlation coefficient would be in
snow covered areas of Antarctica.
See response to other referees and Fig. R4 and R5 regarding snow-covered areas.
Shaded relief images of the DEMs are now shown for Astrolabe Glacier, the Mont Blanc
area. We do not find the “low contrast alterations” mentioned by reviewer#2. To
compute the geodetic mass balance and avoid outliers, a classical 3-sigma filter is used
in each elevation band. This is now described in the revised MS. We also explain in the
MS how data voids were treated (hypsometric extrapolation) and their error bars.
Geomatica is actually using a threshold on the score channel to exclude unreliable
pixels. The score channel has values ranging from 0 to 100. All pixels with a correlation
score below 40 are excluded in the standard settings and replaced by the no data value
in the DEM. For the Icelandic study site, we verified that, for the pixels above this
threshold, there was no relation between the value in the score channel and the
precision of the DEM. A clear illustration of this is provided by the comparison of the
Score Channel on and off the ice cap. On the Tungnafellsjokull study site, the mean



score channel is 64 on the ice cap whereas off the ice cap it is 82. However, Table 4
shows that the precision of the DEM is higher on the ice cap than outside of it. Thus, no
simple relationship exists between the score channel and the DEM precision. Thus we
do not think it is worth complicating our procedure by generating systematically the
score channel and applying a site-specific threshold to determine the outliers. The
threshold will necessary be arbitrary and may exclude some reliable DEM pixels.

- In comparison with Pléiades, you used a lot of different data at very different study site.
Once with LIDAR, once with SPOT-5, sometimes with and sometimes without GCPs... This
can be confusing for the reader and it is not always easy to correctly relate the data and sites
to each other. So you should try to make these things a little more clear in your text what is
probably not easy.

A dataset section has been added with a description of all the data used in our study.

- Horizontal co-registration: Why did you not follow horizontal co-registration according to
Nuth and K&dab (2011)?
This is because, based on (Rodriguez et al., 2006), we have developed our own
procedure to co-register two DEMs (Berthier et al., 2007). We have verified that this
procedure leads to similar horizontal shifts as the (Nuth and Kaab, 2011) algorithm. The
latter is used however when a DEM and point-wise measurements (Lidar, GNSS) are
compared.

- Vertical co-registration: Figure 3 indicates that your Pléiades DEM is sort of tilted related to
your reference surface. Same is in my opinion still visible in Figure 6. In this regard you
mention spatially-varying elevation changes that are however low (P4859). Instead of
reducing the mean offset of elevation difference, why did you not calculate a linear trend
surfaces to evaluate and remove your tilt as probable result of satellite attitude parameters?
| am not sure, but maybe a polynomial trend surface of second order might be also suitable
to correct for eventual further systematic influences that caused these offsets.
This suggestion was followed for Figure 6. We note that the influence of this additional
correction on the geodetic mass balance is negligible (less than 0.02 m a™ w.e.), mainly
because the Mont-Blanc area is located in the middle of the study region. We also tried
a second order polynomial fit to the elevation difference. Here again the reduction of
the standard deviation off glacier was minor (standard deviation lowered by only 0.2 m
or 3%) and the region-wide geodetic mass balance changed by only 0.02 m a™ w.e.,
well within error bars. For the Icelandic study site, our goal in Fig. R3 is precisely to
show those spatially varying biases, not to remove them. Here again, because the
biases are small (about 0.1 m at most) and the ice cap is located in the middle of the
study area, removal of this tilt would probably not alter significantly the elevation
differences on the ice cap.

- The chapter of "Pléiades stereo images (2.2)" is very informative, but quite long, can you
shorten it and make it more precise? It is quite technical for the scope of the journal, but
surely of interest for glaciologist that intend to work with this data. | also ask myself if part
of this information should not be better discussed in chapter 5, "Discussion and conclusion”,
which is by the way relatively short compared to the other chapters. Particularly your text
from Line 21(P4858) to Line 8 (P4855) has not much to do with Pléiades imagery itself, but
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with the specific data which was used in this study and which is well explained in Table 1.
Maybe make a new section for it. Line 9 to Line 19 on this page (P4855) is about uncertainty
estimation and should be placed elsewhere.
See our re-organized paper. We believe that it is very important to describe the
Pléiades images because they are the heart of the paper and, as stated by the referee,
this information is useful for glaciologists.
Text from Line 21(P4854) to Line 8 (P4855) is now included in a separate sub-section
“2.3 Validation data: GNSS and Lidar”

- Captions of tables and figures are generally too detailed, please provide such information
somehow in your manuscript text in order to make the captions more short and precise
We disagree. We believe that self-understanding figures and tables are much more
convenient for the reader who wants to skim through a paper.

- In regard of your GCPs, how was their distribution in the scene? Isn’t this an important
influence factor how equally well distributed these GCPs are in your DEM? Where all of them
clearly visible in the data?
Distribution of the GCPs shown for the Mont-Blanc and Icelandic study sites (Figure R6
and R7). In all cases we tried as much as possible to obtain the best GCPs coverage. Of
course all of them where visible in the data, otherwise they would not be GCPs.

SPECIFIC COMMENTS

P4851:

L7: What kind of validation was employed? Rather study sites?
“validation sites” replaced by “evaluation sites”.

L10-11: For what study sites you used GCPs?
These details are provided elsewhere in the paper, and they would make the abstract
too long and distract the reader from the main results

L13-14: What do you mean with "around these biases"?
Wording retained. This is to make a transition between “accuracy” (the mean) and
“precision” (the standard deviation around the mean).

L23-24: Why welcome? | don’t think this the words "tools" and "welcome" fit to the context
Text was proof-read by a native speaker (Harvey Harder). We think “welcome” is OK.
Editor?

P4852
L5-9: Sentence too long and therefore complicated
We think this sentence is OK.
L15-22: Sentence way too long and also too complicated also because of parentheses. There
are five parentheses in one sentence which is hard to read.
Sentences split into two sentences and most parentheses removed.
L22-24: What gap do you mean since Pléiades DEMs can be extracted at high resolution?
A data gap. Aerial surveys are not feasible everywhere, whereas coarse resolution DEM
are not precise enough.

P4853
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L1-4: Pléiades-data by ISIS of CNES was available after the launch and not immediately for
all European researchers (particularly those that are not affiliated to ORFEO member states)
Clarified now.
L19: "... l[aunched on..."
corrected.
L20-23: Again, too many parentheses with long text make this sentence hard to read. Try to
avoid such parentheses and include their information as part of the sentence
Split into two sentences.
L25 ()- L4: Too long parentheses, hard to read. Form new sentences...
Split into two sentences.
I think 12 bits should be clear and must not be explained in particular
Was added this info upon request of the editor and believe it is indeed useful.

P4854
L6-9: You are quite sure about this statement, based on the higher radiometric quality of
Pléiades. But still, can you state it in this way?
See Fig. R4 and R5 (shows in our response to reviewer#1 and added in the revised MS).
L10-11: Don’t use the expression "thanks to".
Include "along-track" and "pitch" as part of the text if possible... just in general, | am not
against parentheses, but there are just a lot of them your manuscript.
“Thanks to” replaced by “due to”.
L11-12: Please make it more clearly since you probably only mean the data of your study.
Since Pléiades triplet-stereo images are also available for other parts of the world...
Modified to clarify that this statement is not generic but for our study sites.
L12-16: Again the parentheses issue... and | would not provide such a long URL at this place
due to readability. Maybe it would be of interest as additional information somewhere else?
URL removed.
L16-L20: Particularly for the second sentence, can you provide a reference for this?
Reference added to (Toutin, 2008).
L21-L8: Much information is here provided about Table 1, and in the caption of table 1 there
is also much information given . Try to fuse both information and make it more precise.
Remove or omit unnecessary information that is not essential and that can be easily
extracted out from the Table. Moreover, some of this information might be maybe better
placed elsewhere in your manuscript.
As stated earlier we prefer keeping a self-understanding Table. We added a new
column in Table 1 with the precision of the GNSS measurements. We think that all the
information provided is needed.
L22-25: Try to include the parenthesis as part of the sentence
Sentence reorganized.

P4855

L9-10: | have problems to correctly understand this sentence. | understand that all

elevation differences are errors in the Pléiades DEM. This would mean that there should be

no elevation differences at all, what is right on stable terrain, but not on glacierized areas.
Exactly, you understood correctly. This is why we provide an upper limit to the errors in
the Pléiades DEMs, in others words a conservative estimate of these errors.
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L8-19: This section concerns DEM uncertainty estimation and should be placed in a separate
chapter, maybe elsewhere.
The section was moved to the new section “3.2 Pléiades DEM evaluation”.
L10-14: Make multiple sentences out of this single and complicated sentence.
A parenthesis removed but the sentence seems clear and short enough to us
L14: | do not clearly understand what upper bound does mean
“Bound” replaced by “limit”.

P4856
L1: To what extent was the result not improved? The DEM should be as double as fine as
with 4m | think...
Not necessary. DEM pixel size does not mean resolution. Anyway, the sentence was
removed following suggestion of reviewer#1.
L6: Cross-reference to subsequent text makes it hard to read. Is it possible to re-arrange
your chapters to make reading more fluent?
Text deeply re-organized but we did not find a way to avoid this reference to
subsequent text.
L11: PCI can generate an additional score channel image when extracting a DEM to assess
the correlation coefficient for each extracted DEM pixel. This can be another metric to
describe the DEM quality. Why have you not considered this option?
See our reply to the related general comment.
L22: "Statistics after horizontal co-registration... ". Why did you not employ both horizontal
and vertical co-registration to calculate the statistics afterwards?
Because we believe it is interesting to report on the remaining vertical bias after simple
horizontal co-registration.
L23: Why did you not used the methodology of Nuth and Kaab (2011) for horizontal co-
registration?
See our earlier answer to a similar comment from the same referee.
L28-L2: What does detectable horizontal shift mean? How have you conducted this
verification? Visually? Of what magnitude were these shifts, particularly when you mention
"small shift" on L2?
Visually. We have clarified our text: “When GCPs were used to compute the DEMs, we
always verified visually that no horizontal shift of more than one to two pixel (0.5 to 1
m) remained between the Pléiades ortho-images and the GNSS tracks acquired along
roads and trails”.

P4858
L5: "...prominent features such as large boulders..."?
corrected.
L21: "The last column of this table...". Make it a little more clearer that this and the previous
text is still referring to Table 3
References to Table 3 added more clearly.

P4859

L11-L24: Your approach with tiles is good, but why did you not calculate trend surfaces to
evaluate the spatial pattern of these varying errors? It would be interesting of what
polynomial degree this trend surface is, should be linear in case of satellite attitude
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recordings, isn’t it? This section is quite detailed and long, and again explained in the caption

of Figure 3, you should shorten it | think.
We think it is important to clearly explain the procedure because it has not been used
previously. Following the reviewer comment, we fit a polynomial surface to the 2003-
2012 elevation difference for the Mont Blanc area where we want to compute the
most accurate geodetic mass balance (but we found a very small influence of this
correction). Here in the case of the Icelandic study site, we do not want to get rid of
the spatial bias but want to illustrate it and we think that the tile strategy is a clear way
to do so. See also our response to the General comment “Vertical co-registration” of
reviewer#2.

P4860
L3-8: Try to reduce these three parenthesis
We note that one of the three parentheses is for a reference so cannot be skipped.
One of the two others parenthesis has been removed.
L16-21: Precision of Pléiades DEMs: In your study you have a very good reference surface
and the resolution of your DEM is probably well adapted to the resolution of this DEM
reference. So | would not expect considerable curvature effects and dispersion as result of
different DEM resolutions in your study which is well proved by your low NMAD. You argue
that precision is more influenced by the landscape than by the DEM processing what is
surely right. | might be wrong, but what about the precision in regard of my statements for
the other studies that you mention?
“Very good reference surface”: only for the Icelandic study sites the Pléiades DEM is
evaluated against another DEM. Otherwise, it is compared to GNSS point-wise
measurements. If this is what the reviewer asked, we do not want to speculate about
the influence of the DEM resolution on the precision of the DEMs derived by others
(Stumpf et al., 2014; Poli et al., 2014) for different types of landscape. Sorry but in fact
we do not really understand what the reviewer meant here.
P4861
L5-25: Maybe | misunderstood, but you generally have employed correction of spatially-
varying elevation errors to correct for mean vertical biases? Make this maybe more clear
In our procedure to evaluate the DEM (see section 3.2 of the revised MS) we never
corrected for spatially-varying elevation errors. As stated already in this letter, such a
correction was not performed for our Icelandic study site because we wanted to
illustrate whether spatially-varying elevation error exist or not. Following reviewer#1
and #2 comments, a correction of a tilt in the 2003-2012 Mont-Blanc elevation
difference map has been introduced. But with only a minor influence on the region-
wide elevation change (and thus mass balance).
L26: Write out the abbreviation for TP or explain
TP was already defined but to avoid any headache to the reader we defined it again in
the title of the subsection.

P4862

L6-11: Why has a nadir/back-pair stronger distortions? | would expect this for
backward/forward views, probably you meant these views, since in L11 you again mention
nadir/back.
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Thanks for spotting this error. This is indeed the Front/Back pairs for which distortions
are the strongest.
L11-15: The way you combined both DEMs is good. But why did you not use the DEM pixel
that obtained the higher score? You can use such a setting in PCl (Score channel). Then you
would not use the mean elevation, but the elevation value with the higher quality.
The procedure described by the referee makes senses. It was indeed evaluated (for the
2013 tri-stereo in the Mont-Blanc area) but did not lead to improved results when the
DEM is compared to GNSS measurements on glaciers. The suggested procedure, based
on the Score Channel, is also specific to a software (Geomatica) so we prefer to
propose a simple but more generic merging of the different DEMs from a tri-stereo. For
example, our simple merging could be used with DEM generating tools that do not
output a score channel.

L21-L23: What do you mean with homogenous? Did you observed that vertical biases
showed less "noise" in regard of their spatial distribution, or was it less systematically and
trend-like?

“Homogeneous” was maybe ambiguous. Replaced by “similar”.

P4863:
L12-16: How good is the agreement? Try to include the parenthesis in your sentence
Agreement now quantified. Parenthesis removed by splitting the sentence into two.

P4864
L9-14: You observed thickening in the accumulation zones. | would expect that there are
DEM elevations in such snow covered areas which are of poor quality because of high
saturation, despite the high radiometric resolution of Pléiades imagery. Terrain extraction
might be hampered in such areas and when regarding your difference image in Figure 5 |
wonder if obviously high noise of difference elevation values in these accumulation zones
are not an indicator of such worse DEM pixels.
See our statistics for the altitudes above 4000 m a.s.l. in the Mont Blanc area and see
also Figure R4 & R5. Both show the excellent quality of the Pléiades DEMs in the
accumulation areas and in Antarctica.

P4865
For geodetic glacier mass balance determination, have you conducted some statistical
analysis to exclude outliers of elevation differences within your glaciated areas? In Figure 6 |
remark some noisy areas of elevation differences within your glacier accumulation areas.
Also, have you filled gaps within glacier areas particularly in the accumulation zone? To my
understanding | would first try to eliminate described outliers and then fill remaining gaps of
elevation differences for each glacier. Then | would calculate the mass balance from the gap-
filled and cleaned difference image for each glacier. What do you think? You difference a
SPOT-5 DEM for your Pléiades DEM. Due to the worse radiometric resolution of SPOT-5, |
particularly wonder how good its quality is particularly in such snow covered glacier
accumulation zones.

The procedure for deriving mean elevation changes in each altitude band is now

explained. A classical 3-sigma filter is used to exclude outliers in each altitude interval.
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Treatment of data gaps is also more clearly described and, very conservatively, the
error bars for un-surveyed pixels is 5 times higher than for measured pixels.

P4866

L2: His name is Kropacek (I omitted the accents here)
Thanks, this was a typo introduced during type-setting. It was OK in the submitted (and
now revised) MS.

Table 1: You mention for the format of the datum is DDMMYYYY, but in the table column
"Pléiades date" is written DD Month (not as number) YYYY. There are too many parenthesis
in the caption text. You explain B/H-Factor very well, but better do this in the manuscript
text. On the other hand, | would be interested what "Stop and Go" GNSS exactly is.
The type-setter changed the format of the dates in the table but did not update the
caption. We did not detect this during proof reading, thanks for spotting this. This is
now corrected. Most of the parentheses are removed. B/H is never used in the text, so
we prefer to define it directly in the caption of Table 1.

Table 2: Parameter settings are particularly the case for PCl software, no other software. You
tested various settings, but in regard of terrain type and DEM detail you only tested the
most extreme settings which are not the default settings (for terrain type). What about the
other terrain types (e.g. hilly) and DEM detail settings (e.g. extra high)? Also this caption text
is quite long, explain some details maybe in the manuscript text.
As already explained, we prefer self-contained items (Table and Figures) so the
captions are long.
Processing parameter settings: There are a large number of combinations that could be
tested in PCI: 4 possibilities for DEM details, 3 for the type of terrain and then different
resolutions. We tested nearly all of them but to avoid lengthening the MS and losing
the reader, we preferred to present the results for a few very different settings. We are
careful to state in the paper that: “We acknowledge that the differences obtained for
different processing parameter settings are not very large and hence that other settings
may be more appropriate in some cases.”

Table 3: Which settings were finally used?
The settings are provided in the caption “The parameter settings used to generate all
the DEMs are: DEM detail = Low, Type of terrain = Mountainous, pixel size =4 m, Data
gaps = not filled”.

Table 4: This is obviously the most important table, but | have problems in completely
understanding it. You mention that the front/back views were often not applicable, so
maybe it is not necessary to mention it here. This table mentions the accuracy / precision
measures of your DEMs. Which are the final and valid uncertainty estimates of your work?
You provide here different values depending on the number of GCPs and your image
combination. What was finally used or can be seen as valid? Why do you provide these
values on-glacier and not strictly off-glacier? For some study sites you provide both, but for
some sites only for on-glacier surfaces. | would not expect accuracy estimates from on-
glacier surfaces... or | do get something here completely wrong...
“front/back views were often not applicable”: we do not understand this comment.
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“Final uncertainty estimate”: we were careful in the entire article to separate the mean
bias and the dispersion around this bias. So one cannot really define a “final”
uncertainty estimate. Without GCPs and no other reference data to correct the mean
bias, one can expect a vertical bias (and thus systematic error) of up to 7 m (maybe
more for other Pléiades stereo paris). As stated in the abstract and as a rule of thumb,
dispersion (i.e. precision) of 1 m or less is achieved for nearly all our sites. Our goal is
not to provide a “valid” final DEM on each site but rather to test the influence of the
processing parameter settings and assess the necessity of GCPs and TP.

Our final section “Summary and conclusion” already includes our recommendations: a
cost effective solution is to obtain a stereo-pair with a base-to-height ratio of about
0.35 and 0.4 and collect 1 to 2 accurate GCPs (at least, more are welcome for the sake
of redundancy) and tie points.

Comparing value on/off glaciers is very interesting and useful if the GNSS survey was
performed close in time to the Pléiades acquisitions. This is not available on all sites. As
stated in the main text “This is confirmed by the results for the two study sites (Agua
Negra and Tungnafellsjokull) where GNSS data have been collected on and off glaciers
(Table 4). The precisions are always higher on glaciers. The improvement is particularly
spectacular on the Tungnafellsjékull study site where the standard deviation of the
elevation difference is 0.53 m on the ice cap and 1.33 m elsewhere.”

Figure 2: Your ortho-images are pretty small and do not show much information to my
opinion. In some of them it is hard for me to get an idea of the terrain and the environment.
You should not use a similar color for your scale bar and for the limits of the Lidar DEM.
We will ensure that this figure (R2) is printed at full width. It is very important to show
the location of the GNSS reference measurements. A different color is now used for the
scale bars.

Figure 3: Nice looking map! | wonder for the most south-eastern tile, this is covered by

almost no values of your difference image. From a statistically point of view, how can you be

sure that 0.10 is representative for the median when there are only very few values?
Thanks for this comment that help us to detect and correct an error during the
production of this figure. When creating this figure, we imported as background a
Pléiades ortho-image that had a larger extent than the map of elevation difference.
Thus dividing the whole image into 3 by 3 tiles as we did in the submitted MS did not
equal to dividing the map of elevation difference in 3 by 3, as done in our script. See
the revised figure (R3) where the tiles have been redrawn correctly. Note that the
script is correct thus the values for the mean elevation difference off glacier in each tile
are unchanged. This was only a visual issue in the figure. The area covered in the south-
eastern tile is still relatively small (0.2 km?) but given the high resolution of the
differential DEM (4 m), it includes >10 000 values of elevation changes. Thisis 1 to 2
orders of magnitude less values than in other tiles but still sufficient to provide a useful
estimate of centrality of the distribution. This is confirmed by the similarity between
the mean and median and the low standard deviation. In this south-eastern tile, the
mean elevation difference is 0.12 m, the median is 0.10 m and the standard deviation
is0.37 m.
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Figure 4: The scatter plot is comparably small compared to your difference image,
particularly in regard of the pretty thick scale bar. You should adapt the colors that you
attached to your elevation changes. | think it is not a good idea to use two different colors
(red and blue) for only negative values. Blue communicates ice mass gain, what is not the
case here. Better use only the red color. Why is the highest loss a much larger class (-7 to -
4.5m)? Better mention more as -4.5m loss.
Now Fig. R6.
A color scale with a single color did not show the variability of the elevation changes as
well. The color scale was kept unchanged. -7 to -4.5 is prefer to <-4.5 because it shows
the most negative value of the elevation changes. Our blue-to-red color scale has the
advantage to show in red the warm regions of strong summer compaction and melt (at
low elevation) and in blue, cold regions of the ice cap where only limited melt and
compaction occurred.

Figure 5: It is generally good, as you also did in your other figures, to provide the entire
difference image and not to cut the glaciers. How confident / trustable are the difference
values particularly in the glacier accumulation zones? What about outliers in regard of the
noise of elevation differences in this region? Please have in this regard a look to my
comments that | made for P4864 and P4865. The triangle signatures in this figure are hard
to see. | think a hillshade in the background (here instead of SPOT-5) in combination with
your difference image at a certain transparency would improve its quality. | remark gaps in
this difference image, where are they coming from? Is it because you did not employ void
filling during DEM extraction? Have you filled these voids by some way in glacier areas for
mass balance calculation? From a cartographic point of view, it is not good to use more as
about seven to ten different classes, because it is then hard to correlate the colors from your
scale bar to the map. Or use a continuous color scale bar instead when having many classes.
Use <-7 and >+7 instead of the maximum value of +-22.

Now Fig. R7.

Accumulation areas: see our previous responses

Size of the dark triangles slightly enlarged

Data voids not filled. The MS has been clarified in Section 4.1: “With the parameters

"Type of relief" set to "Mountainous", "DEM detail" set to "Low" and without filling

data voids, the dispersion is just slightly larger and the area covered is greatly improved

(nearly 99% versus less than 93%). All DEMs examined in the rest of this study were

generated using these parameter settings”

Treatment of data voids for mass balance calculation is now clarified in the MS.

The number of color classes has been reduced to 9.

We prefer to show the maximum value of elevation changes in the color scale bar.

Figure 6: Please consider similar remarks as for Figure 5 in regard to the scale bar and in
regard to outlier detection of poor quality difference values. This is particularly in regard to
differencing from a SPOT-5 DEM at worse radiometric quality. Why have you not used a
background image at all (I would prefer a hillshade)? The inset figure is too small, the text
and numbers in this inset figures are almost not readable. Same for the text boxes in the
main figure, they are too small (or the figure is simply not large enough here). | also wonder
in regard of the stable (non-glacier) terrain, some of it is quite blueish (too high), particularly
to the north and south, and to the east it seems that stable terrain is quite redish (too low).
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When regarding your color scale bar, | would expect this at a magnitude of about +-10m. Is
there still some spatially dependent offset existing, maybe a tilt? What could be the reason
of it?
Now Fig. R8.
No background: this is in purpose to really show where data gaps are (important for
mass balance calculation); Visualization of data gaps is less obvious when there is a
background.
We will ensure that the figure is printed in full size and will verify carefully his
readability.
The number of color classes has been reduced to 9.
Tilt: Now corrected as explain in our previous answers and in the revised MS.
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Reply to reviewer#3

This paper presents a thorough assessment of the products of the new Pléiades sensor for
assessing glacier changes using photogrammetry at high spatial resolution. The authors test
the performance of DEMs against in-situ field data for several glacier sites with strongly
differing characteristics and provide conclusions on the accuracy with or without the
availability of ground-control points. Whereas the paper is mainly focussed on the
evaluation of the accuracy and the investigation of the potential of the new product for
deriving glacier surface elevation changes at high spatial (and temporal) resolution, the
authors also provide a few applications and demonstrate selected results of DEM
differencing.

The present article convincingly shows the considerable potential of this new sensor for
glaciological research. The paper is well written and addresses a wide range of open
guestions. Although there are a few issues — mainly related to possible limitations of the
Pléiades DEMs — this study is highly welcome and should be accepted once the few critical
points are answered.

General comments:

- The most important limitations of this sensor should be stated as prominently as the

potential. For example, | consider the need for clear-sky conditions and the possible data

voids in the accumulation area as critical factors that require more discussion.
Our submitted MS did not clearly show the quality of the Pléiades DEM in the
accumulation areas. This is now improved through two additional figures (see Fig. R4
and R5 at the end of our response to reviewer#1) and the revised text. So we do not
consider this as a strong limitation of the sensor. Conversely, the need for clear sky
condition is indeed a strong limitation. It is has been emphasized more clearly now, in
the abstract and at the end of section 2.1 where Pléiades images are presented.

- Data voids can obviously not be avoided. But how are they treated if glacier-wide elevation
changes are calculated? The authors should discuss their strategy (and the related
uncertainties) for these applications as, in my understanding, a complete DEM is required to
come up with a number for the volume change (be it seasonal or multiannual).
Treatment of DEM data voids was indeed not addressed sufficiently in the submitted
MS. Data voids in the DEMs are not filled by interpolation. Rather, and as in our
previous studies (e.g., Berthier et al., 2010; Gardelle et al., 2012; Scambos et al., 2014),
we made an hypsometric interpolation of the elevation changes. In other words, where
no elevation change is available for a pixel, we assign to it the value of the mean
elevation change of the altitude band it belongs to, in order to assess the mass balance
over the whole glacier area. This assumption had only to be made for the 2003-2012
geodetic mass balance for the Mont-Blanc area as this is the only place where glacier-
wide and region-wide averaging was performed. The MS has been amended to include
those details.

- 1 do not have the impression that more results should be presented in the frame of this
paper (as asked in one of the previous reviewer comments). It would blow up the content of
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the paper too much. However, the results of the most relevant glaciological application
(long-term mass change) should be validated also with other independent data sources. |
know that this is a difficult task but at least for Argentiere a mass balance monitoring
programme exists (glaciological method) that covers the investigated period.
We agree about the need to keep the paper focused. Still, we added in Table 5 the
geodetic mass balance for 10 selected glaciers in the Mont-Blanc area and the whole
region. The cumulative glaciological mass balance for Argentiere is also added in the
Table for comparison, as requested. Discussing the glacier-to-glacier variability is
however beyond the scope of this paper.

- Structure: | was troubled by the structure of section 2 which mixes up the presentation of
in-situ field data for the individual study sites and the generation of Pléiades DEMs. It would
be more logical to keep a clear separation between (1) field data, (2) DEM generation and (3)
the comparison of the DEM products and the in-situ data (for georeferencing etc).
The structure of the paper has now been revised following the three reviewer
suggestions.

Detailed comments:

- Page 4851, line 18: Surprisingly, the numbers for the mean mass balance of Mer de Glace
and Argentiere provided in the Abstract are more accurate than the results given in the body
of the paper (see page 4865, line 28). The Results-section only yields a decimetre-accuracy
and no specific value for each of the two glaciers.
In the abstract we now give the geodetic mass balance for the whole Mont-Blanc area.
New table 5 lists the glacier-wide mass balances for the whole massif and for its 10
largest glaciers.

- Page 4854, line 8: This is an important statement which seems reasonable. However, can

this advantage be shown / quantified / put into perspective somehow?
New Fig. R4 and R5 (see our response to reviewer#1) are here to confirm the quality of
the DEM in the flat accumulation areas and the enlargement in Fig. R2 for Astrolabe
Glacier is here to show that they are not texture-less at this sub-meter resolution.
Regarding saturation we added a sentence to downplay our initial statement about no
saturation. This is important for future users of Pléiades images: “However, new
Pléiades images acquired in northwest Himalaya in August 2014 contained a higher
percentage of saturated pixels, sometimes over 10%. This is probably due to a high
solar elevation angle in August at this relatively low latitude (~33°N). In such cases,
specific acquisition parameters (i.e., lower number of TDI stages) may help to reduce
the saturated areas.”

- Page 4858, line 12: It is assumed that the LiDAR DEM is 100% percent correct if GCPs are
extracted directly from the LiDAR DEM. Is this true? If yes, it should be mentioned.
We mention now that errors in manually pointing a specific feature and in (x,y,z)
positioning in the Lidar data affect the precision of the GCPs.
- Page 4860, line 6: How accurately can the “real” terrain elevation for a point location (GCP)
be extracted from a DEM with 40m-resolution? | would assume considerable differences
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between the grid cell elevation and a 1D-location just because of surface roughness within

the cell.
Because of the coarse resolution of the SPOT5 DEM (40 m) we tried to select GCPs over
flat terrain. But this is not always possible because flat areas have often also less
prominent features. Thus it is true that the coarse resolution of the DEM and to a
lesser extent of the image (2.5 m) is problematic. However, in this case we had no
other alternative. Selecting a large number of GCPs (here 22) should somewhat help to
minimize those resolution effects. The precision of the final Pléiades DEM (standard
deviation of 1.02 m, see Table 4) is a confirmation that our procedure was successful. A
short sentence was added in the MS: “For Mera Glacier in Himalaya no accurate GCPs,
i.e. measured in the field using static GNSS positioning, were available at the time of
processing. Instead, a set of 22 GCPs was derived from a coarser resolution SPOT5
dataset (2.5-m ortho-image and 40-m DEM), previously co-registered to GNSS data
acquired along the trails of the Everest base camp, outside of the Pléiades images (see
Wagnon et al., 2013, for a complete description). Because of the coarse resolution of
the DEM we tried as much as possible to select GCPs over flat terrain. The horizontal
precision of these GCPs is limited by the SPOT5 pixel size (2.5 m) and their vertical
precision is about +5 m, the precision of the SPOT5 DEM”

- Page 4863, line 8: firn compaction is probably less important in this case than snow
compaction. It is mostly the winter snow (not yet to be called firn) that will be compacted
over the summer season (with some contribution also from the underlying firn layers of
course).
We agree with this comment. The importance of snow compaction (and, to a lesser
extent, firn compaction) is now clarified.

22



References cited in this response

Berthier, E., Arnaud, Y., Kumar, R., Ahmad, S., Wagnon, P. and Chevallier, P.: Remote sensing
estimates of glacier mass balances in the Himachal Pradesh (Western Himalaya, India),
Remote Sensing of Environment, 108(3), 327-338, doi:10.1016/j.rse.2006.11.017, 2007.

Berthier, E., Schiefer, E., Clarke, G. K. C., Menounos, B. and Rémy, F.: Contribution of Alaskan
glaciers to sea-level rise derived from satellite imagery, Nat Geosci, 3(2), 92-95,
doi:10.1038/ngeo737, 2010.

Gardelle, J., Berthier, E. and Arnaud, Y.: Slight mass gain of Karakorum glaciers in the early
21st century, Nat Geosci, 5(5), 322-325, doi:10.1038/nge01450, 2012.

Nuth, C. and Kaab, A.: Co-registration and bias corrections of satellite elevation data sets for
quantifying glacier thickness change, The Cryosphere, 5(1), 271-290, doi:10.5194/tcd-4-
2013-2010, 2011.

Rabatel, A., Letréguilly, A., Dedieu, J.-P. and Eckert, N.: Changes in glacier equilibrium-line
altitude in the western Alps from 1984 to 2010: evaluation by remote sensing and modeling
of the morpho-topographic and climate controls, The Cryosphere, 7(5), 1455-1471,
doi:10.5194/tc-7-1455-2013, 2013.

Rodriguez, E., Morris, C. S. and Belz, J. E.: A global assessment of the SRTM performance,
Photogrammetric Engineering and Remote Sensing, 72(3), 249-260, 2006.

Scambos, T. A., Berthier, E., Haran, T., Shuman, C. A., Cook, A. J., Ligtenberg, S. R. M. and
Bohlander, J.: Detailed ice loss pattern in the northern Antarctic Peninsula: widespread
decline driven by ice front retreats, The Cryosphere Discuss., 8(3), 3237-3261, 2014.

Toutin, T.: ASTER DEMs for geomatic and geoscientific applications: a review, International
Journal of Remote Sensing, 29(7), 1855 — 1875, doi:10.1080/01431160701408477, 2008.

Vaughan, D. G., Comiso, J. C. and I. Allison, J. Carrasco, G. Kaser, R. Kwok, P. Mote, T. Murray,
F. Paul, J. Ren, E. Rignot, O. Solomina, K. Steffen and T. Zhang: Observations: Cryosphere, in
Climate Change 2013: The Physical Science Basis. Contribution of Working Group | to the
Fifth Assessment Report of the Intergovernmental Panel on Climate Change, edited by
Stocker T.F., D. Qin, G.-K. Plattner, M. Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex
and P.M. Midgley, pp. 317-382, Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA., 2013.

23



