
Reply to Reviewer Comments – T Smith et al.

W. Guo – General Comments

1. The authors provide some comparisons with previous studies on the classification of debris covered glaciers.
Although it seems enough for describe the improvements made by the algorithm presented in this manuscript,
it would be better to give some direct comparisons on which kinds of area were committed or omitted by the
authors’ method or by other methods, because the descriptions of those methods can mostly be easily
followed and applied in the study region or even in a small region. This kind work can show more details on
the improvements made by this paper, and further promote the scientific significance of this paper. However,
this is totally depending on the authors’ choice.

It was outside the scope of this study to re-code previous algorithms for direct comparison. During the
development of our algorithm, we tested methods from several previously published algorithms before
developing our final product. However, without the original proprietary software packages, ground control
points, and spectral thresholds tuned to specific scenes which were used in several of the methods, we did
not feel it was appropriate to make a direct comparison between the results of our algorithm and the results
of previous work. We have aimed with this manuscript to rely as much as possible on open-source tools and
to develop an algorithm which is not specifically tuned to a single Landsat scene footprint or set of spectral
thresholds.

In light of the comments of both reviewers, however, we have attempted to recreate the algorithm used by
Paul et al. (2004) in a simple Matlab implementation. We have found that the neighborhood analysis, as
performed with a neighborhood filter, is very computationally expensive. It is likely that the Image Polygon
Growing algorithm included with the software package PCI is a more efficient implementation of a similar
analysis, but the authors could not find a fast implementation of this analysis. Despite computational issues,
the approach did not show strong improvements over the methods proposed in our algorithm. An overlay of
our final outlines and the outlines created using the TM4/5 >2, HIS > 126, and Slope > 24, along with the
neighborhood analysis is included in this reply as Figure 1.

Figure 1: Final algorithm outlines (black) as compared to TM, HSV, and Slope threshold (red).



In our study area, we find that most debris-covered glacier tongues are connected to long trails of debris,
misclassified river sand, and glaciers, and the neighborhood analysis has difficultly removing these areas. In
Figure 1 we see our algorithm outlines overlain with the results of the TM, HSV, and Slope thresholding in
red. Despite the promising approach of neighborhood analysis, we did not see significant improvement in our
study region, so we did not include this method in our algorithm.

2. From my view, too many figures were used in the new version manuscript (totally 15). Some of them, which
belong to same groups (like Figure 2‐8 that describe the processing steps, and Figure 10‐12 that illustrate the
elevation distribution of glaciers and their comparison to other glacier outlines), can be merged into one
figure (mark as a, b, c, etc). Some of the figure captions can also be simplified and shortened, leave the
descriptive words in main text. Besides, the acquisition date for Landsat images shown as background in
Figure 2, 5‐8, 14, 15 should better to be explicitly marked on the figure, or described in the caption, for the
conveniences of reader’s check.

We have modified the figures as-per the comments of both reviewers to minimize the number of figures.

3. Although the authors have done very hard works and processed large number of Landsat scenes (totally
62), it is difficult to find the related results in the Results and Discussion section (they only describe some
comparisons with existing glacier inventories, and the manual control dataset created by authors that around
2000 and 2011) for most scenes. From my view, the number of Landsat scenes processed is not important
comparing to the efficiency and accuracy of the algorithm. So I suggest that the author revise the data source
section and shorten the Table 1, only keep the Landsat scenes whose results were introduced in the Results
and Discussion section.

We have updated the table to only include those scenes explicitly used in the manuscript. This includes
scenes used as ‘master’ references, those used for velocity profile generation, and those used for the glacier
statistics. We have also included all scenes for path-row combination 147/31, as these were all used in the
discussion of factors that degrade algorithm outputs (snow, clouds, etc).

W. Guo – Specific Comments

Line 7: The citations for the data and following paper are both needed for the second Chinese glacier
inventory (for here and also other places).
Guo, W., Liu, S., Xu, J., Wu, L., Shangguan, D., Yao, X., Wei, J., Bao W., Yu, P., Liu, Q., and
Jiang, Z.: The second Chiniese glacier inventory: data, methods and results, J. Glaciol.,
226, 957‐969, doi: 10.3189/2015JoG14J209, 2015.

This has been updated.

Line 13: “~1‐2 pixels of Landsat Enhanced Thematic Mapper …”, it is necessary to mention the panchromatic
band of Landsat ETM+;

This has been updated

Line 17: “multi‐spectral” is better here.

This has been updated.

Line 43‐46: there’s no nation name in Figure 1, so it is inconvenient to readers with less knowledges on Central
Asia. The WWD and Siberian High also with same situations. See comment on Figure 1.



This has been updated.

Line 111: “spectrally‐derived”, maybe a further description should better to be presented here (I mean clean‐
ice, maybe in parenthesis).

This has been updated.

Line 120‐123: how the elevation threshold of low elevation area was determined? Is it determined by subtract
certain value from the average value of clean‐ice areas? It should also to be clarified here.

To find the low elevation threshold, we subtract 1750 from the average elevation of clean-ice areas. This has
been clarified in the manuscript.

Line 207: “as well as both clean and debris‐covered”, “clean‐ice” is better here.

This has been updated.

Line 262‐272: Although the normalized distances can show the general distribution of the bias along the
glacier outline, it should be better to give some summaries on the common statistics of the vertex biases, like
the maximum and mean distance of all validated vertex pairs. Besides, how the distances were normalized
also need more details, e.g., were all distances normalized to one maximum distance? Or different glaciers
have different maximum distances? If the first case, what is the maximum distance of all vertex pairs?
Without such details, the normalized distances have very less sense on describe the vertex distance
distribution. Also see comments on Figure 13.

The distances were normalized by the spread of the min and max values of the vertices, with the formula
(Distance - min(Distance)) / (max(Distance) - min(Distance)), with the y axis plotted as a percentage of the
maximum normalized distance, as the spread of values between algorithm and clean-ice results is quite
different. The minimum distance for both datasets is 15, with the maximum for the algorithm at 46,000 and
clean-ice at 23,000. These distant points represent outliers, and comprise points very far removed from the
actual glacier outline. This discussion has been added to the manuscript.

Line 285: Generally the configuration of the computer (e.g., CPU, physical memory, operating system) need to
be provided if you give a processing time.

The data was processed on Ubuntu 14.04, 8 cores (3.6GhZ), 16 GB RAM. This has been added to the
manuscript.

Table 1: The data source should better to be simplified and shortened, leaves only the images whose results
were shown in the Results and Discussion section.

We have shortened and simplified this data table.

Figure 1: From common sense, it is better to show the nation names on the map, maybe by showing the
national boundaries and names in the main map. Besides, the Winter Westerly Disturbances (WWD) and the
Siberian High are also need to be shown on the map, maybe by labelled arrows.

This has been updated.



Figure 2‐8: these figures can be merged into one figure and marked as a), b), c), d), etc, corresponding to the
processing step. The figure captions should also be shortened and simplified.

We have modified the figures and captions.

Figure 10‐12: these three figures can also be merged into on figure which shows the elevation distribution of
the algorithm extracted glaciers and their comparisons to other source of glacier outlines (spectral, manual
and CGI V2).

We have combined these figures.

Figure 13: It is suggested to give more details on the distances of all validated vertex pairs, like the maximum
and mean distances of all validated vertex pairs if all distances were normalized to one maximum distance, or
maximum and mean distances of each glacier if different glaciers have different maximum distances.

This has been updated in the manuscript. See as well a more detailed reply above.

F. Paul – General Comments

The revised study by Smith et al. is now much more focused and provides a thorough description of the
developed algorithm and its performance compared to other datasets. Considering earlier versions of the ms,
I think this reduction had really been beneficial. The authors have also further modified the computational
part towards a more automated processing line, thus facilitating its application to other regions. Although
they used constant thresholds for the band ratio result in a reduced accuracy of the outlines in the
accumulation region (e.g. missed ice in shadow), the improved mapping of debris-covered glacier tongues
seems worth applying the method. My only larger recommendation is to also include a comparison of the
results of the method presented here to results from other simple approaches (e.g. Nr. 2 and 5 in Table 2).
This would help to see whether the calculation of velocity fields beforehand is worth the effort or not. As now
clearly stated, it has also to be considered that the results of the algorithm require improvement when
working at the scale of individual glaciers, but might satisfy the needs for regional scale applications. Apart
from the comparison mentioned above, I have only some smaller comments that are detailed in the next
section. Once these are addressed I am happy to recommend acceptance of the ms.

It was outside the scope of this study to re-code previous algorithms for direct comparison. During the
development of our algorithm, we tested methods from several previously published algorithms before
developing our final product. However, without the original proprietary software packages, ground control
points, and spectral thresholds tuned to specific scenes which were used in several of the methods, we did
not feel it was appropriate to make a direct comparison between the results of our algorithm and the results
of previous work. We have re-coded in our development parts of previous algorithms, which were used in the
development of our final product (see above).

F. Paul – Specific Comments

Title and overall remark
Please use glacier / glacierized instead of glacial/glaciated when reference is made to contemporary glaciers.
The title should thus be “Improving semi-automated glacier mapping …”

This has been updated.



Abstract first sentence
I suggest rewriting the first sentence a little bit: “Studies of glaciers generally require precise glacier outlines.
Where these are not available, extensive manual … (GIS) must be performed, as current …”

This has been updated.

L5 The dataset is “known as the Randolph Glacier Inventory”

This has been updated.

L11: Please cite here the Cryosphere Chapter (Vaughan et al. 2013) instead of the full report (Stocker 2013).

This has been updated.

L43: I would recommend to not introducing here a further abbreviation (WWD), also because it is not used
any further.

This has been updated.

L58: Please add the method used for downsampling (bilinear interpolation?).

This was already found in the manuscript at L59: “The SRTM data and its derivatives were
downsampled to 30 m to match the resolution of the Landsat images using bilinear resampling.” We have
maintained this as-is.

L58: Here and elsewhere (e.g. L59, L96, L99): Please insert a space between the value and the unit (30 m).

This has been modified throughout the manuscript.

L74ff: As Matlab is proprietary software, it would be most useful to establish also for the glacier classification
steps scripts written in Python or other free software (see L100/1). Maybe this can already be achieved for the
final version of the ms?

We have attempted to move all of our processing to Python, but still rely on a distance weighting algorithm
built in Matlab which does not have a good implementation in Python. Once a suitable alternative to the
current distance weighting metric is developed, we will shift all of our code to Python.

L92: Hanshaw and Bookhagen, here and elsewhere (e.g. L109): Please cite this study only when it is accepted
for TC.

This study has been published. We have updated the citation to reflect this.

L109: Hall et al. (1987) applied the TM4/TM5 band ratio for glacier mapping first. The TM3/TM5 ratio
combined with a TM1 threshold was introduced by Paul and Kääb (2005).

This citation has been added.

L111: I suggest inserting here a comment on its general use: For normal the two thresholds are adjusted
manually to the image conditions of each individual scene to obtain the best results. When the automated



processing line is based on constant thresholds, large errors can occur in regions of cast shadow (see also
example in Paul et al. 2015).

We have added this comment and citation.

L128, 248 and elsewhere: Instead of ‘glacier debris tongue’ I would write ‘debris-covered glacier tongue’.

This has been modified throughout the manuscript.

L145: As there is always snow on-glaciers and clouds off-glaciers do not matter, I would write here more
precisely: “It is important to note that images must be cloud free over glaciers and snow free off-glaciers for
this step.”

This has been updated.

L182: I can imagine that this step is as efficient as the neighbourhood analysis used by Paul et al. (2004):
Everything that is not connected to a glacier is removed. I suggest to shortly explaining what the differences in
performance are.

The two methods are similarly efficient over small areas, but start to diverge in processing time as the
number of individual ‘seed’ areas increases. For example, the geodesic distance algorithm we use operates
on a whole-matrix basis, and is quite fast regardless of the number of seed points. The neighborhood
analysis, which treats individual areas as separate objects to check connectivity with, requires more intense
processing as the number of areas increases. The geodesic time algorithm also imposes a limit on the size of
the areas connected to a glacier, so if a long trail of river sand, for example, is connected to a glacier the
entirety of this area is not included as a connected component. Rather, only the pixels which are ‘close’ to
the glacier are kept as debris areas. We have added a note in this section of the manuscript regarding the
differences.

L195: What about using neighbourhood analysis instead? A gap that is completely surrounded by debris is
assigned to the debris class given its slope is below a certain threshold. This would likely fill gaps of any size
within the debris.

A neighborhood analysis was tested for this step and found to be processor-intensive, especially when there
are often tens of thousands of small ‘holes’ in glacier areas which must be checked and filled. We find that
the bridging and void-filling tools work well without applying a neighborhood analysis, but future iterations of
the algorithm could include this step as an option.

L205 & 363: path-row combinations

This has been updated.

L214: The void-filled SRTM DEM is in some mountain ranges with steep topography of very poor quality
(where the voids had been filled). Has this not caused any trouble in the regions analysed here?

We are aware of the issues surrounding the SRTM DEM at high elevations. However, for this analysis, we use
watersheds as convenient polygons to divide glaciers into individually comparable areas. Thus, if there is a
small error in the watershed boundary, that error is the same throughout the analysis and statistical
comparison, and should not impact our statistics. We also manually checked and updated our watershed
boundaries for any major errors.



L218: If possible I suggest adding a section for a glacier-by-glacier comparison of glacier area. The elevation
related statistics are fine (please consider showing elevation on the yaxis for Figs. 10 to 12), but the standard
deviation of the area differences would be most useful when it comes to using the algorithm for regional-scale
change assessment.

Figure 2: Glacier Area vs Area misclassification, as compared to both a subset of the manual control dataset and
the CGI

From our reply to the previous round of reviews: “We have included in this reply a plot illustrating the
differences in classification across different size classes, which can be seen in Figure 2. We emphasize,
however, that the algorithm was not designed around mapping individual glacier areas, and such a
comparison was removed from the original version of the manuscript. As a slight change in which areas are
‘connected’ by snow, misclassified pixels, or other classification issues can drastically change the reported
glacier area, we do not present this data in the updated manuscript. If, for example, a glacier with an area of
10 sq km was connected by a small strip of misclassified area to a glacier of 50 sq km, the reported area
would be 60 sq km, which matches poorly if it is compared to either the 10 sq km or 50 sq km glacier area. As
this creates a large number of outliers for individual glacier comparisons, we have elected not to present
individual-level glacier statistics in the revised manuscript.”

We maintain that our algorithm is most useful for large-scale analyses, and the analysis of individual glaciers
is better completed using manually digitized outlines, or a manual correction of our final algorithm output.

L219: over two distinct

This has been updated.

L224-226: I suggest numbering these three comparisons (e.g. (a), (b), (c)) for a more easy reference and
recognition later on.

We have opted to leave this section as-is, as we have combined the three figures which use these
comparisons into a single figure, simplifying this discussion.

L232: When I look at the primary (spectral) classification in Figs. 2 and 8, I would argue that the difference is
due to the not-mapped ice in shadow for many of the north-facing small glaciers. A lower TM1 threshold
would have helped to include these regions. Please rewrite if this is agreeable.



Shadows are certainly part of the issue, both at high- and low-elevations. However, as you have pointed out,
there are some major exclusions at mid- to low-elevations due to shadows. We have added a sentence
reflecting this.

L237: It could also be well the case that the CGIv2 under-classifies these regions.

Yes, this is possible as well. We have chosen to leave the text as-is, as we only analyze relative differences.
The distinction between underclassification/overclassifcation is only a matter of which dataset is chosen as
the ‘master’ dataset.

L252: Though correct, I think it is rather obvious that a method that also maps the debris covered part will be
better than a pure spectral classification. A more interesting comparison would be against one of the other
methods summarized in Table 2. Can this be done for a sub-region? After all, it is still not clear whether the
higher workload required for this method is worth the effort compared to more simple approaches (e.g. Nr.
2 or 5 in Table 2).

We have included in this reply an implementation and discussion of the Paul et al. (2004) algorithm, which
can be seen in Figure 1.

L264: What are ‘component vertices’? Can the method be described in somewhat more detail?

Component vertices are simply the set of every vertex of our glacier polygons. We then use the set of X/Y
pairs for each vertex to compare to the X/Y pairs of the vertices of the clean-ice and final algorithm polygons.
We have expanded our description in the manuscript.

L287: Here I disagree a little bit, the neighbourhood analysis is an implemented routine and very quick. The
entire processing line described in Paul et al. (2004) also only takes a couple of minutes. This is also the reason
why I have suggested above a comparison of results to other ‘more simple’ methods.

The neighborhood analysis, as implemented in Matlab, is significantly slower than our algorithm. In tests on
our desktop computer, the single step of neighborhood filtering takes more time than the entire algorithm
run-through, including the conversion of the end result geotiff to a complex vector file. It is likely that a more
efficient implementation of this neighborhood analysis could be performed using a combination of
proprietary software and FORTRAN, as proposed by Paul et al. (2004), but this was outside the scope of this
study. An efficient neighborhood analysis could be included in subsequent versions of the algorithm, if a
Matlab or open-source version could be implemented.

L311: between terrain on and off glaciers

This has been updated.

L332: debris-covered glacier tongues … centre

This has been updated.

L347: analysing?

This has been changed.



L347: “powerful tool”: I well see the potential of the method, but think that its real test comes when applying
it to the often slow moving or even stagnant debris-covered tongues in the Himalaya. I suggest adding this
information here.

We have added this caveat to the manuscript.

L446: Kaab should be Kääb; L450: Bris, R. L. should be Le Bris, R.
L487: Stocker, D.Q. should be Stocker, T. (but please replace with Vaughan, D.G.)

These have been updated.

Tables
Table 1: I suggest writing “Landsat acquisition dates” (in the caption and the left column)

This has been updated.

Table 2: The Paul et al. (2004) method was actually applied to a Landsat full scene (33,000 km2), but results
were only presented for a sub-region to see something.

In this table we present the total mapped glacier area of each study, as opposed to the area of the entire
study site. As the classification/misclassification statistics presented in Paul et al. (2004) refer to the subset
glacier area, we will maintain the table as-is. If there are more accurate statistics on the total mapped glacier
area and misclassification percentages, we would be happy to include these values in the manuscript.

Figures
Fig. 1: Please add location of sub-regions in Fig. 1.

This has been updated.

Fig. 2: Please indicate where the debris-covered tongues are (arrow, circle)

This has been updated.

Fig. 3: Has the slope map already been median filtered? If not, maybe do it.

We have added this step to the algorithm, but do not see significant changes to our classification.

Fig. 3 & 4: I suggest adding the outlines from Fig. 2 on top to see the differences.

We have updated these figures.

Fig. 6: For better visibility I suggest using yellow instead of red.

We have changed this color scheme.

Figs. 11 to 13: The caption already includes a substantial amount of interpretation (last sentence). I suggest
removing this here and provide the information in the main text.

We have updated our figure captions.



Figs. 14 and 15: Please use different colours for the lines. I suggest the red one could be yellow and the purple
one white. Maybe add arrows to highlight discussed features.

We have changed the colors to be more visible. Bright yellow and white are difficult to see on many of the
bright, high-elevation glacier areas, but we have attempted to make the outlines more visible.

T. Bolch – Specific Comments

L. 120: I agree that slope is one key morphometric parameter for delineating the debris-covered areas.
However, the suggested threshold values differ depending on glacier type from the 24◦ suggested by for
Oberaletschgletscher/Swiss Alps (Paul et al. 2004), for example, it is 12◦ for Khumbu Glacier/Himalayas (Bolch
et al. 2007), less than 15◦ for Samudra Tapu Glacier/Himachal Himalayas (Shukla et al. 2010) and 18◦ for
Gangotri Glacier/Garhwal Himalayas (Bhambri et al. 2011). Maybe you could check your chosen threshold
(just a suggestion), but please provide some info about the different suggested thresholds here or in the
discussion.

This is a very good point. We choose a conservative slope threshold to ensure that we do not remove debris-
covered areas in this initial step, and instead rely on subsequent steps to remove overclassified areas. We
have added a discussion of these citations and our reasoning behind using the 24 degree threshold suggested
by Paul et al. (2004).

L. 275: Be a bit more specific about the 6 cited references. You may (but not must) include Bhambri et al.
(2011), IJRS who also clearly mention the limitations of their approach.

We have opted to include the Bhambri et al. (2011) study in Table 2. We have also clarified the references on
L290.
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