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Abstract—The systematic monitoring of glaciers is essential to
both evaluate water resource availability and better understand the
effects of climate change. The increased speed of glacier changes
observed in the past few years requires a more frequent update
of the glacier inventories than in the past; however, the high
human supervision required by the state-of-the-art techniques is
discouraging their systematic application over large areas. This
article proposes a novel approach to exploit the large volume of
data provided by Copernicus Sentinel missions for detecting glacier
outlines, including debris-covered glaciers. In detail, our method
exploits the Sentinel-1 and Sentinel-2 multitemporal images to
build a composite image representing the glacier conditions during
the yearly maximum ablation period. The Sentinel-2 multispectral
images are classified with a support vector machine and composed
to a mosaic that represents the information of the maximum glacier
ablation. At the same time, the Sentinel-1 time series are exploited
to build a multitemporal coherence composite that represents all
the snow-covered and glaciated areas together with all the moving
surfaces. This information is used together with the Sentinal-2
composite to detect the debris-covered part of the glaciers. The
proposed method was tested in the Central East Alps and presented
an overall accuracy of 92% with respect to a reference inventory
over South Tyrol and an agreement of 90% with respect to the
latest glacier inventory of the Alps from Sentinel-2. The proposed
approach enables to assist glacier experts in identifying glacier
outlines over large areas and in short time

Index Terms—Copernicus, data assimilation, debris-covered
glaciers, glacier monitoring, machine learning, Sentinel-1,
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I. INTRODUCTION

HE glaciers are an essential part of the hydrological cycle in
T the Alps, and their retreat is one of the most evident effects
of climate change [1] . Glacier ice melting changes the water
economy of many glacierized areas: reduced water availability
for human consumption, agriculture, and hydropower produc-
tion are negatively impacting glacier-driven catchments [2].
Glacier inventories are one of the most important information
for glacier monitoring, and therefore, they are largely exploited.
Glacier outlines are used for the estimation of key glaciological
parameters, such as the glacier length, useful for understanding
glacier trends [3], [4], and the accumulation area ratio [5],
from which glacier mass balance can be derived [6]. Moreover,
glacier outlines are also required for ice thickness modeling [7],
[8], glacier mass balance estimation, and hydrological model-
ing [9]. Given the alpine glaciers’ average size, Terra/ASTER
and Landsat/TM/ETM+/OLI data were widely used in the last 30
years to monitor their extent [10], [11]. Specifically, Terra has
collected 30-m spatial resolution images in 14 spectral bands
since 2000 via the ASTER sensors, and the Landsat program
has a massive archive of 30-m spatial resolution images, using
TM, ETM+, OLI, and TIR sensor. Both the missions have a
revisit time of 16 days and are a rich source of information
to monitor the glacier changes on a global scale in the last 35
years. Generally, state-of-the-art methods that exploit optical
imagery relay on human supervision [11]-[16]. For example,
a glacier expert who delineates the glacier outlines on a wide
area must browse the catalogue of historical images to search
for cloud-free acquisitions with minimum snow coverage on
each glacier (i.e., the condition of the maximum ablation of the
glacier). The archived images that satisfy both the requirements
are considered the optimal acquisitions for extracting the glacier
outline by thresholding one or more spectral indices [11], [15].
Selecting the optimal images may be impossible for some years
or particular glaciers due to cloud coverage. Moreover, the
mapping of the debris-covered part of the glaciers is a complex
task. Indeed, glaciers can be partially or even completely cov-
ered by rocky debris, which cannot be appropriately mapped
using only multispectral images since the spectral signatures
of rocks covering the glacier are mostly identical to those of
the surrounding rock [16]. To overcome this problem, glacier
experts are relying on very high-resolution images, which are,
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in general, specifically acquired for this purpose. Very high
resolution images are classified on the basis of experts’ knowl-
edge, requiring a high amount of time. As a consequence, some
authors proposed to map the glacier surface with synthetic aper-
ture radar (SAR) images [17]-[20]. Using the interferometric
coherence derived by SAR time series, it is possible to detect
the debris-covered part of the glaciers [19]. The interferometric
coherence provides information on both the land cover and
ground displacements. However, to properly identify debris-
covered glaciers, the coherence loss due to their displacement
must be isolated to the coherence loss due to land cover type.
Moreover, SAR images are insensitive to the cloud presence, so
itis easier to catch the seasonal glaciers’ maximum ablation. The
Copernicus Sentinel program, which started with the acquisition
of the first SAR image in 2014, has significantly increased the
monitoring capabilities of the glaciers extent in the alpine region.
Sentinel-1 and Sentinel-2 now guarantee systematic acquisitions
with a nominal revisit time of six days for the SAR images
and five days for multispectral images. Thus, the state-of-the-art
methods are not suitable to process large data volume generated
by Copernicus. Furthermore, this limitation is becoming more
and more critical since inventories need to be updated more
often than every ten years [21] due to the acceleration of glacier
melting. This article proposes a novel approach for the automatic
mapping of glaciers, including bare ice, accumulation area, and
debris-covered glaciers. The method provides glacier outlines
for large alpine areas, exploiting multitemporal composite of
both Sentinel-1 and Sentinel-2 time series. The whole procedure
is based on a limited human intervention. Several multitemporal
composite techniques have been developed in the past espe-
cially in the field of vegetation monitoring using optical data
to compose a cloud-free mosaic [22]-[25]. The main idea is to
compose pixels of images acquired at different times to create
a synthetic image representing the optimal situation for identi-
fying a particular phenomenon and to filter out unwanted noise
(e.g., clouds). To the best of our knowledge, the multitemporal
composite technique was never applied in the context of glacier
mapping. In this article, we propose to use Sentinel-2 time series
to compose a cloud-free multispectral mosaic, made up of pixels
of the images that better represent the maximum ablation of a
particular glacier. On the other side, the Sentinel-1 SAR time
series is used to derive information about the debris-covered
part of the glacier. In the literature, we can find examples of
land cover mapping methods that rely on features extracted by
coherence’s time series [26]-[28]. These methods are based on
the fact that different land covers have different temporal patterns
of the coherence. In our case, we do not use features extracted by
the multitemporal information, but we keep only the meaningful
information for debris-covered glacier mapping. In detail, a
coherence composite is produced by taking the maximum of
all the interferometric coherence calculated from each image
pair with a defined temporal baseline. In fact, by taking the
maximum coherence of the time series pixelwise, we are able
to isolate the coherence losses due to permanent movements.
Precisely, the glacier flow, even if covered by debris, can be
separated from possible transient causes, such as the seasonal
snow cover or rock falls. For reducing layover and shadow
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effects, we use the information acquired from different orbits.
The different orbits are processed separately, aligned to the same
extent, and in the end, the maximum coherence value for each
orbit goes in the final composite. Finally, the Sentinel-1 SAR
coherence composite is used in combination with the optical
multitemporal composite to map surface deformations caused
by debris-covered ice flow. The main novelties of our approach
are as follows: 1) the generation of a cloud-free multitempo-
ral composite of Sentinel-2 images representing the maximum
ablation status for each glacier; 2) the generation of a multi-
temporal and multiorbit composite that describes the maximum
coherence used to identify the debris-covered part of glaciers;
and 3) the synergetic exploitation of SAR and multispectral
composites for glacier outline retrieval at maximum ablation.
The method is tested in the Central East Alps (i.e., Sentinel-2
tiles 32TQS, 32TPS, 32TNS, 32TQT, 32TPT, and 32TNT) for
2015, 2016, and 2017. In detail, over South Tyrol, the results
have been validated with the reference glacier inventory pro-
duced with state-of-the-art methods using aerial orthophotos and
airborne laser scanner (ALS) digital elevation models relative
to the years 2016 and 2017 by expert glaciologists. For the
whole Central East Alps, a detailed intercomparison has been
done with the glacier inventory of the Alps, extracted using
Sentinel-2, and available for the year 2015 [16], which represents
the most reliable and updated inventory over the Alps up to
date.

II. STUDY AREA AND DATASET
A. Study Area

The method has been applied in the central and eastern Alps
in the area defined by the footprint of six Sentinel-2 tiles, named
using the UTM convention (32TQS, 32TPS, 32TNS, 32TQT,
32TPT, and 32TNT). This region includes a glacierized area of
608.2 km? according to the latest available glacier inventory
relative to the year 2015 [see Fig. 1(a)]. In detail, inside this
macroregion, we focused on the South Tyrol region, for which
we have a high-resolution glacier inventory, edited by expert
glaciologists [see Fig. 1(b)].

South Tyrol is an Italian mountain region at the border with
Austria. It has an extension of 7397 km?, of which glaciers
cover 84 km?, according to the high-resolution reference glacier
inventories of 2016 and 2017. For our analysis, we split the
territory into the following three independent study areas:
1) the Ortler Alps; 2) the Otztal Alps; and 3) Zillertaler Alps
and the Rieserferner Group. These three areas were selected to
validate the method over different mountain groups and have
metrics from three independent areas.

B. Dataset

Sentinel-2 images are provided in tiles, each covering a square
area of 10 000 km?. Thus, South Tyrol is covered by three
tiles, while the whole study area is covered by six tiles, i.e.,
about 360 000 km?. Regarding South Tyrol, the Ortler Alps
are included in tile 32TPS, the Otztal Alps are included in tiles
32TPS and 32TPT, and the Zillertaler Alps and the Rieserferner
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Fig. 1.

Overview of the study area. In (a), the red box defines the area of application of the method, correspondent to six Sentinel-2 tiles, while the blue shape

corresponds to the administrative limit of South Tyrol. In (b), a zoom over South Tyrol is reported. Otztal Alps are highlighted in yellow, the Ortler Alps in red,

and the Zillertaler Alps in pink.

TABLE I
SATELLITE DATASET USED

Processed

Mission Sensor Type Tiles / Track Time Range
32TPS, 32TPT, July—September 2015
Sentinel-2  Optical Multispectral ~ 32TNS, 32TNT,  July—September 2016
32TQS, 32TQT July—September 2017
) 15, 44, 95, July—September 2015
Sentinel-1 SAR 117, 198 July—September 2016

July—September 2017

Group are included in tile 32TQT. Depending on the track
overlap, the number of acquisitions covering these areas from
July to September is 17 or 34. Regarding Sentinel-1 images,
we selected five tracks for the study area (i.e., 15, 44, 95,
117, and 168 named using the ESA convention). They are
partially overlapped, and in detail for South Tyrol, the Ortler
Alps are covered by tracks 15, 117, and 168, the Otztal Alps
are covered by tracks 117 and 168 and partially by track 15,
and the Zillertaler Alps are fully covered by tracks 44, 95,
117, and 168. For each track, one image every 12 days was
acquired until 2016 and every six days since 2016. The data
used are summarized in Table I. The European Union Digital
Elevation Model over Europe (EU-DEM), [22], [23] was used
for processing the Sentinel-1 data. This DEM is derived by the
SRTM and filled with ASTER data to ensure a homogeneous
processing over the alpine region.

C. Reference Glacier Inventories

For the evaluation of our approach over the study area, we
used 1) a high-resolution manually derived glacier inventory and
2) the glacier inventory of Alps derived from Sentinel-2 [16].

The dataset used for validation is summarized in Table II. The
first inventory is available for the Ortler Alps and the Otztal
Alps (updated in 2016), and for the Zillertaler Alps (updated
in 2017). These inventories were produced using the following
multitemporal very high resolution data: 1) aerial orthophotos
collected in 2016 and 2017 and 2) differential digital terrain
models for 2005-2017. The DEMs were calculated from the
ALS data collected in 2005 over the South Tyrol and the
aerial photogrammetric survey of 2016 and 2017. The latter
facilitated the delineation of glaciated areas, especially in areas
covered by snow or debris [29], [30]. For the Ortler Alps, the
University of Innsbruck made an ALS digital terrain model
in 2013. The delineation of the glacier areas was done semi-
automatically [31], [32]. Following the approach described in
[29], the automatic processing was refined with manual post-
processing using high-resolution shaded reliefs and orthoimages
of 2016/2017 (scale 1:800) to increase the mapping accuracy.
Debris-covered glacier areas were only considered in the 2017
inventory if the corresponding areas were classified as glaciers
in a previously available inventory from 2005 and can still be
identified as glaciated without a doubt based on the data for
2016/2017. Recently, Paul er al. [16] have published a glacier
inventory derived from Sentinel-2 images. The method used by
Paul et al. is significantly different from ours and primarily based
on expert interpretation. The glaciers outlines were obtained
by thresholding the red/short-wave infrared band (SWIR) band
ratio [33] with different values for each date. The threshold is
manually set to account for regional atmospheric conditions.
An additional threshold on the blue band was used to remove
misclassified rocks in shadows. Moreover, the satellite-based
results were further manually refined to correct misclassification
errors, including debris-covered glaciers and filling cloud gaps.
No information from Sentinel-1 or other SAR instrument has
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TABLE II
REFERENCE DATASETS
Ortler Alps Otztal Alps Zillertaler Alps Central East Alps
Year 2016 2016 2017 2015
Aerial Images Aerial Images Aerial Images Sentinel-2
Datasource  High-resolution DEMs  High-resolution DEMs  High-resolution DEMs Visual Interpretation

Visual Interpretation Visual Interpretation Visual Interpretation P

Secwia T TTTToTTTTTTTTmmmmm T 5

Multitemporal
Optical Composite
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Glacier
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N —————

Sentinel-2 TOA Optical Optical
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Fig. 2. Overview of the general workflow of the proposed method.

been employed. According to the authors, their outlines have
uncertainties generally less than 5%.

III. PROPOSED METHOD FOR GLACIER MAPPING

Let us consider two time series of 1) top-of-the-atmosphere
Sentinel-2 images and 2) single-look complex Sentinel-1 im-
ages. The two time series cover the same geographic area and
are acquired during the same ablation season. The Sentinel-2
time series is first classified into thematic maps representing
the classes of bare ice (w;), snow (wg), water (w,,), rock and
debris (w,), and clouds (w.). These thematic maps are then
composed in a single composite map with the lowest cloud
and snow cover. In this way, the class snow can be semanti-
cally converted to glacier accumulation area. Next, the class of
debris-covered glaciers (wy) is obtained from the Sentinel-1 time
series. In detail, SAR coherence maps are computed for each
image pair of the time series, with a certain temporal baseline.
Then, the maximum of the coherence is selected pixelwise to
compose the multitemporal coherence mosaic. The Sentinel-1
composite is obtained from different tracks to minimize the
layover and shadow areas. The information extracted from the
two composites is merged into a new thematic map with the
following classes: glacier accumulation area (wy), bare ice (w;),
debris-covered glacier (wg), and no-glacier (w;.). Finally, the
glacier outlines are generated by merging w,, wg, and w;. To
speed up the processing, we limited the analysis to a spatial
buffer of 0.5 km around the outlines of the Randolph Glacier
Inventory version 6.0 [34], under the assumption that no new

glaciers were formed outside this buffer. This hypothesis is
reasonable for the alpine glaciers after 2003 [16] and does not
introduce any source of errors. Fig. 2 shows the workflow of the
proposed method. In the following, the main steps are discussed
into detail.

A. Optical Multitemporal Mosaic Generation

Several cloud detection approaches already exist for Sentinel-
2 images, such as s2cloudless [35], [36], FMask [37], [38], or
Sen2cor [39]. In this article, we used the s2cloudless algorithm.
It is a supervised machine learning approach based on the
gradient boosting of tree-based learning algorithms [40], which
has been trained with 14 million samples from 596 Sentinel-2
tiles spread worldwide. We selected this algorithm because
it demonstrated superior performances in a reference test set
for cloud detection presented by Hollstein ef al. [41]. More
specifically, s2cloudless demonstrated to reduce the misclas-
sification between cloud and snow by about 17% compared to
Sen2cor and by about 26% compared to FMask [37], making this
method more suitable for the monitoring of glaciers. S2cloudless
requires three parameters: 1) a probability threshold to be applied
to the cloud probability map (we used the default value of 0.4);
2) the size of the window for averaging the probabilities (we
set this parameter to 2 pixels); and 3) the size of the morpho-
logical dilation filter (we set this parameter to 3 pixels). For
the classification of snow, bare ice, water, rock, and debris, we
propose a support vector machine (SVM) [42], [43] that exploits
as features all the Sentinel-2 10-m spectral bands and the SWIR
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B11 resampled from 20 to 10 m with bilinear interpolation, as
suggested in [12]. The SVM was trained with an active learning
process, starting from ten training samples collected for each of
the sematic classes (w;, ws, Wy, w.); the training set is iteratively
increased with additional manually collected training samples
over the main misclassification errors spanning the entire time
series [44]. Once generated the thematic maps for each acqui-
sition time, the multitemporal composite is produced. This task
first calculates the cleanliness index (CI) for each image pixel
(1, 7) not belonging to class clouds of each acquisition. In detail,
the CI is computed using a square moving window with size
W x W as follows:

i+ Y

Z Z Cm,n(t> (1)

— W W
m=i—-3 n=j— 4

1

where ¢ is the acquisition time, ¢ and j are the pixel coordinates,
and W is the size of the square window. In our study, we set a
window size of 2 km (W = 200 pixels) and ¢, (%) is a binary
mask defined as

(thematic map,, ,, (t) # w.)

1, if &
mn(l) = ’ . 2
emn(t) (thematic map,), , (t) # ws) @

0, otherwise

Then, the composite map is made applying the following

hierarchical criteria.

1) The higher the CI, the higher the probability for that pixel
to be chosen for the final composite.

2) In the case of pixels with the same CI, to the image pixel
with fewer neighboring pixels labeled as clouds in the
W x W window, a higher probability to be chosen for the
final composite is assigned.

3) In the case of image pixels with both the same CI and
amount of neighboring cloudy pixels, a higher probability
to be used for the final composite is assigned to the image
pixel from the most recent acquisition. If all the image
pixels of the time series are cloudy in a specific location
(4, j), that location is set as no data in the composite map.

4) Finally, the optical multitemporal composite map is gener-
ated by assigning to each image pixel (i, j) the label of the
pixel (i, 7) of the time series with the highest probability.

B. Coherence Multitemporal Composite Generation

Multispectral images are not suitable to identify parts of the
glacier that are covered by debris [16]. On the other hand, the
interferometric coherence provided by SAR systems can be used
for this purpose, as proposed in [19]. In detail, SAR coherence ~y
is the phase noise of an interferogram between two SAR images
S1 and Ss [45]. It can be computed as the cross-correlation
coefficient of the SAR image pair estimated over an M x N
window in the image of column m and row n as

S SN Si(m,n)S5(m,n)

Y= ;
VI SN (Simn) YN SN (8o (m,n)f?
3)
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where S35 is the complex conjugate of S;. Unlike the approach
presented in [19], which relies on a single coherence map, we
used a multitemporal approach to exploit the coherence informa-
tion. The coherence maps used come from different orbits, both
ascending and descending, and are acquired during the entire
ablation period. In addition, the information extracted from the
Sentinel-2 multitemporal composite improved the detection. In
detail, the first step for detecting debris-covered glaciers is the
computation of the SAR coherence. This was done for all the
Sentinel-1 image pairs with a temporal baseline of 12 days in the
ablation season, which is a compromise between sensitivity to
displacements and minimizes the temporal decorrelation noise.
Data processing was performed using ESA’s SNAP and the
EU-DEM digital elevation model [46], [47]. All the coherence
maps were derived using a 19 x 4 pixel window. In the end,
the coherences are geocoded and aligned with the extension of
Sentinel-2 tiles. Geometrical distortion, including the layover
and shadow effects, was masked out. In particular, pixels with
local incidence angle smaller than 35° and greater than 80° were
removed. The time series of coherence was used to generate the
multitemporal coherence composite, representing the optimal
condition to identify the surface displacements related to debris-
covered glaciers. For this purpose, the highest coherence of the
whole time series is calculated pixelwise as follows:

M = argmax(vy(t)). 4)
t

Consequently, all the transient factors that can lead to co-
herence loss are automatically filtered out (e.g., snow cover
or rock falls) while preserving the effect of constant ground
displacement induced by the glacier flow. Moreover, by exploit-
ing the multiple acquisition geometries, we also obtain a SAR
coherence composite where the geometric distortions, including
shadow and layover, are minimized. However, some patches
remain in layover or shadow due to the complex morphology of
the area. Then, we masked all the pixels of the coherence multi-
temporal composite that were not classified as w;- in the Sentinel-
2 multitemporal composite. Since we consider the coherence
computed over rock and debris only, we assume that coherence
losses are mainly caused by ground displacement. Indeed, all the
other possible causes, such as volumetric scattering or noise due
to low backscattering, are negligible over this specific land cover.
For detecting the debris-covered glaciers, we then thresholded
the SAR composite and terrain slope, generating pixelwise the
thematic map d as follows:

wy, otherwise

de {wcb if (slope < 30° and coherence < 0.5). 5)

Terrain slope was estimated with the EU-DEM and thresh-
olded to 30°, as done in [ 19]. The coherence threshold is obtained
using an expectation maximization algorithm, e.g., Gaussian
mixture models [48]. However, experimental results showed that
for our test sites, a threshold of 0.5 was a good tradeoff and
can be adopted to speed up the whole procedure. Since isolated
pixels occur in the map, we removed them by applying the
morphological postprocessing operators opening (window size 2
x 2 pixel), closing (window size 4 x 4 pixel), and again opening
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Fig. 3.

Sentinel-2 multitemporal composites generated with the proposed
method for (a) the Langferner, (b) the Suldenferner, and (c) the Weissbrun-
nenferner. Here, the composite is seen as RGB false color, with SWIR in red
channel, NIR in green channel, and Green in blue channel.

(window size 4 x 4 pixel), as suggested by Lippl et al. [19].
Finally, the debris-covered map from Sentinel-1 is merged with
the glacier map from Sentinel-2. The final glacier outlines are
obtained by semantically relabeling as glacier all the image
pixels previously labeled as bare ice, glacier accumulation, and
debris cover. All the other classes are relabeled as no-glacier.

IV. RESULTS AND DISCUSSION

According to the validation dataset, this section presents the
outcomes for the Ortler Alps and Otztal Alps for 2016, and the
outcomes for the Zillertaler Alps for 2017.

A. Validation of the Proposed Glacier Mapping Method With
Respect to a State-of-the-Art High-Resolution Dataset

In order to illustrate the outcomes of the proposed method,
we focus on three different glaciers, Langferner as example of
cleanice, Suldenferner as example of debris-covered glacier, and
Weissbrunnenferner as cirque glacier, which have been studied
since 1983. In detail, Fig. 3 shows the RGB false color of
the composite over the three selected glaciers obtained, as de-
scribed in Section III-A. More specifically, Langferner, Sulden-
ferner, and Weissbrunnenferner are reported, respectively, in
Fig. 3(a)—(c).

Fig. 4 shows the Sentinel-2 classified composite map for
three glaciers. Fig. 5(a)—(c) shows the multitemporal coherence
composite derived using (4) for Langferner, Suldenferner, and
Weissbrunnenferner, respectively.

As one can notice, from these composites, it is possible to
identify the whole glacier surface since they present low coher-
ence, but it is not possible to clearly distinguish between the bare
portion and the debris-covered portion of the glacier. According
to the proposed method described in Section III-B, the coherence
maps of Fig. 5 are classified using (5). Thus, debris-covered
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Fig. 4. Sentinel-2 multitemporal composites generated with the proposed
method for (a) the Langferner, (b) the Suldenferner, and (c) the Weissbrun-
nenferner. Here, the composite is seen as thematic map.
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Fig. 5. Multitemporal coherence composites generated with the proposed
method for (a) the Langferner, (b) the Suldenferner, and (c) the Weissbrun-
nenferner.

glaciers are detected by combining the Sentinel-2 and Sentinel-1
composite maps. Fig. 6 shows the final glacier maps superim-
posed to the reference glacier inventory. Qualitatively, one can
notice a good agreement between the obtained maps and the ref-
erence outlines. The coarser resolution of Sentinel-1 composite
is visible in the final map, especially for the Weissbrunnenferner
[see Fig. 6(c)].

Table III summarizes the differences of the total glacier areas.
Fig. 8 shows the confusion matrices, while Fig. 7 shows the
glacier area difference for the three validation sites and for the
whole South Tyrol. In order to ensure a balanced amount of
testing samples for both glacier and no glacier, we added a buffer
area around the reference glacier inventory.
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TABLE III
COMPARISON BETWEEN GLACIER EXTENT OF THE PROPOSED METHOD AND THE REFERENCE INVENTORY OVER SOUTH TYROL

Glacier extent Glacier extent

Glacier extent

Reference glacier

Area Name from $-2 [km?] from S-1 [km?] from S-2 + S-1 [km?] extent [km?] Difference [km?® (%)]
Ortler Alps 28.5 7.8 36.3 34.0 +2.3 (+6.8%)
Otztal Alps 26.5 9.2 35.7 31.8 +3.9 (+12.3%)
Zillertaler Alps 16.0 2.0 18.0 17.3 +0.7 (+4%)
South Tyrol 71.0 19.0 90.0 83.1 +6.9 (+8.3%)
TABLE IV

COMPARISON BETWEEN GLACIER EXTENT OF THE PROPOSED METHOD AND THE GLACIER INVENTORY OF THE ALPS [17] OVER CENTRAL EAST ALPS

Glacier extent
from S-1 [km2]

Glacier extent

Area Name from S-2 [km2]

Glacier extent
from S-2 + S-1 [ka]

Reference glacier

extent [kmz] Difference [km2 (%)]

Central East Alps 483.8 146.6

630.4 608.2 +22.2 (+3.7%)

[ Reference Outlines
Height

Automatically extracted outlines
[ Debris Covered Glaciers
[ Bare ice and snow

Fig.6. Glacier maps obtained with the proposed method for (a) the Langferner,
(b) the Suldenferner, and (c) the Weissbrunnenferner. Bare ice and snow are
derived by Sentinel-2, while debris-covered glaciers are derived by Sentinel-1.

The Ortler Alps glaciers cover 34 km? according to the
reference glacier inventories; using the optical multitemporal
composite, we detected 28.5 km? since the debris-covered
part cannot be recognized by the multispectral information.
However, when merged with the information from Sentinel-1,
the glacier surface covered by debris was correctly mapped,
increasing the total area to 36.3 km?2. The overall agreement
changed from 65% to 92%, and the kappa coefficient raised
from 0.75 to 0.83. Similarly to the Ortler case, also for the
South Tyrolean part of the Otztal Alps, by exploiting only the
optical multitemporal composite, we underestimate the glacier
area of 5.3 km?. The estimation improves when introducing the
information of debris-covered glaciers derived from Sentinel-1
increasing the overall accuracy from 79% to 92% and the kappa
coefficient from 0.81 to 0.86. The Zillertaler Alps area shows an
overestimation of the glacier-covered area. The primary source
of error is related to the persistent cloud coverage during the
2017 ablation season, which leads to the misinterpretation of

Glacier Surface

70
~ 60
€ s
X 4,
30
20
: 1T
0

Ortler Alps Otztal Alps Zillertaler Alps South Tyrol

W Reference M Sentinel-2 ® Sentinel-2 + Sentinel-1 © Latest Available Sentinel-2

Fig. 7.  Glacier surface in the three glacierized areas of South Tyrol according
to the proposed automatic method and reference inventory.

some seasonal snow included in the glacier map. This repre-
sents the most common source of error for the method. Here,
the improvement is 6% for the overall accuracy and 0.3 for
the kappa coefficient. Finally, if we consider the whole South
Tyrol, the glacier area mapped using the proposed method was
90.0 km?, while the reference inventory reported 83.1 km?.
Thus, the overall accuracy is 91%, with an improvement of
16% compared to the mapping using only multispectral im-
ages (see Fig. 8). In that case, the kappa coefficient passes
from 0.74 to 0.80.

B. Application of the Proposed Glacier Mapping Method to
the Central East European Alps

The proposed method was then tested on the Central East
Alps. As validation over this large area, we compared the ob-
tained outlines with the latest glacier inventory available derived
by Sentinel-2 [16]. In Table IV, the comparison in terms of area
between the reference inventory and the output of our method is
reported. According to the reference outlines, glaciers cover an
area of 608.2 km?, while our method results show that glaciers
cover an area of 630.4 km?. Fig. 9 presents the confusion matrix
relative to the comparison of our method and the reference
outlines. Part of the differences between the two inventories can
be due to the sliding window used in coherence computation
that reduces the spatial resolution, and due to the identification
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Confusion matrices derived by the comparison between the reference glacier outlines and the results of the proposed method over South Tyrol. The relative

changes after the merging of Sentinel-2 and Sentinel-1 composites compared to the accuracy obtained using the Sentinel-2 composite alone are in bracket.
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Fig. 9. Confusion matrices derived by the comparison between the glacier
inventory of the Alps [16] and the results of the proposed method over Central
Eastern Alps. The relative changes after the merging of Sentinel-2 and Sentinel-1
composites compared to the accuracy obtained using the Sentinel-2 composite
alone are in bracket.

of rock glaciers, which are by definition not included in the
glacier inventory used as reference. It is worth to note that
the inventory used as reference is obtained with a high level
of human supervision for the choice of the scene, the thresh-
old definition, the snow patch filtering, and the debris-covered
glacier identification. External datasets, e.g., orthophotos, have
also been consulted for this refinement operation. On the other
hand, the proposed method is fully automatic, and by exploiting
free of charge, Sentinel images can provide a preliminary glacier
mapping that can be used as a valuable starting point for updating
glacier inventories.

V. CONCLUSION

This article proposed a novel approach to exploit the large
volume of data provided by Copernicus Sentinel missions for
detecting glacier outlines, including debris-covered glaciers.
In detail, our method exploits the Sentinel-1 and Sentinel-2
multitemporal images to build a composite image representing
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the conditions during the yearly maximum ablation period. The
Sentinel-2 multispectral images were classified with an SVM
and composed to a mosaic that represents the information of the
maximum glacier ablation. At the same time, the Sentinel-1 time
series were exploited to build a multitemporal interferometric
coherence composite, which represents all the snow-covered
and glaciered areas, together with all the moving surfaces. This
information was used together with the Sentinal-2 composite
to detect the debris-covered part of the glaciers. We tested our
methodology in the Central East Alps, in the area covered by
six Sentinel-2 tiles. Over this large area, for 2015, we compared
the method with the latest available glacier inventory derived
by Sentinel-2 and manually edited for considering the possible
presence of seasonal snow and debris-covered ice. Here the
results show an overall agreement of 90%, with a difference
on the area estimation of 3.7%. Furthermore, in South Tyrol
(Italy), we evaluated the accuracy with the glacier inventories
of 2016 and 2017 produced by glacier experts with field sur-
veys, aerial orthophotos, and ALS data. Results show an overall
accuracy of 92% with an error on the area of 8%. In that case,
the assimilation of the debris-covered glacier information from
Sentinel-1 contributed to an increase in the overall accuracy of
16% for the entire South Tyrol. This method presents a first
step toward the complete automation of glacier mapping. The
main limitation for the applicability of the method is related
to the persistent cloud coverage over some areas. The cloud
occlusion, in fact, can compromise the reconstruction with
optical data of the glacier minimum snow cover situation. As
future outlook, from the methodological point of view, we want
to better investigate the glacier classification introducing the
polarimetric SAR information. This will help to be more robust
in the case of application in regions with persistent cloud cover.
Other errors in the reconstruction can be introduced by the
pixel misclassification. A consequent research outlook will be
the correction of the time series exploiting the multitemporal
information. From the application point of view, we want to
use the developed method to perform some large-scale analysis.
For instance, these automatically obtained inventories can be
used as a starting point for an analysis of glacier changes
over large areas and on a small time horizon, such as the
whole Alps on a biennial basis. Moreover, we want to test the
method over other glacierized areas, such as the Andes and the
Himalaya.
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