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Abstract: Glaciers and numerous glacial lakes that are produced by glacier melting are key indicators
of climate change. Often overlooked, supra-glacial lakes develop in the melting area in the low-lying
part of a glacier and appear to be highly variable in their size, shape, and location. The lifespan of
these lakes is thought to be quite transient, since the lakes may be completely filled by water and
burst out within several weeks. Changes in supra-glacial lake outlines and other surface features such
as supra-glacial rivers and crevasses on the glaciers are useful indicators for the direct monitoring
of glacier changes. Synthetic aperture radar (SAR) is not affected by weather and climate, and is an
effective tool for study of glaciated areas. The development of the Chinese GaoFen-3 (GF-3) SAR,
which has high spatial and temporal resolution and high-precision observation performance, has
made it possible to obtain dynamic information about glaciers in more detail. In this paper, the
classical Canny operator, the variational B-spline level-set method, and U-Net-based deep-learning
model were applied and compared to extract glacial lake outlines and other surface features using
different modes and Chinese GF-3 SAR imagery in the Mount Everest Region of the Himalayas.
Particularly, the U-Net-based deep-learning method, which was independent of auxiliary data and
had a high degree of automation, was used for the first time in this context. The experimental results
showed that the U-Net-based deep-learning model worked best in the segmentation of supra-glacial
lakes in terms of accuracy (Precision = 98.45% and Recall = 95.82%) and segmentation efficiency, and
was good at detecting small, elongated, and ice-covered supra-glacial lakes. We also found that it was
useful for accurately identifying the location of supra-glacial streams and ice crevasses on glaciers,
and quantifying their width. Finally, based on the time series of the mapping results, the spatial
characteristics and temporal evolution of these features over the glaciers were comprehensively
analyzed. Overall, this study presents a novel approach to improve the detection accuracy of glacier
elements that could be leveraged for dynamic monitoring in future research.

Keywords: GF-3; supra-glacial lakes; supra-glacial streams; ice crevasses; segmentation; digital
disaster reduction

1. Introduction

Glaciers are very sensitive to atmospheric climate change. The Tibet Plateau (TP)
has the largest reserves of glaciers outside of the Antarctic and Arctic [1,2]. In recent
decades, most TP glaciers have experienced accelerated thinning and melting. This has
been accompanied by the formation and evolution of a large number of glacial lakes,
and may also induce secondary glacial lake outburst flood (GLOF)-related disasters [3].
The high proportion of glacial lakes combined with the dynamic nature of the glaciated
environment has made the TP a focus of lacustrine research [4—6]. Research regarding
the identification and extraction of glacial lake outlines is an important first step for the
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assessment of regional water resources, prediction of GLOF events, and the study of
climate-change impacts.

Previously, lake extents were mainly derived using manual delineation [1,7,8]. How-
ever, this is a time-consuming method. The accuracy and degree of details in the mapped
glacial lake outlines are unstable and depend on subjective experience and operational
procedures. Remote sensing is widely used to investigate glaciers and glacial lakes due to
the wide areal coverage and long-term observation records of such data [9-11]. Investiga-
tions of spatio-temporal lake dynamics in the TP have made use of optical remote-sensing
images such as those from Landsat series satellites [12,13], ASTER [14], and multi-spectral
MODIS [15]. However, for the coverage of mountainous regions with harsh climate con-
ditions, these images are generally limited by their low quality of observations. SAR has
proven to be a useful and promising tool in glaciology due to its all-weather, day-and-night
capabilities [16,17]. It is also an active emitting electromagnetic system with a flexible
design for different modes of data in terms of frequency, polarization, and incidence angle.
In addition, SAR is sensitive to surface roughness and dielectric properties, providing a
feasible approach for distinguishing glacial lakes and different glacial facies [16].

When using remote-sensing images, different image detection and classification meth-
ods for the delineation of glacial lakes are favored (Table 1). Edge detection is a very
important method in the field of image analysis and recognition. The purpose of edge
detection is to find the collection of pixels whose brightness changes dramatically in the
image [18]. Studies utilizing edge detection have focused on the extraction of glacier out-
lines by the Canny edge operator [17], and identification of linear features such as outlines
and textural features of glacial lakes using a phase-congruency-based detector [19]. For
automatic methods to extract glacial lakes, image segmentation has made a very important
contribution. Thresholding is a simple and commonly used technique for image segmenta-
tion. An automated scheme of lake mapping based on hierarchical image segmentation
and terrain analysis was proposed in [13]. Based on this method, a new method that
utilized log-transformed spectral data and a normalized difference water index (NDWI),
NDWIblue, for mapping glacial lakes partially obscured by mountain shadows was intro-
duced [20]. Using automatically determined, lake-specific NDWI thresholds, the adaptive
mapping algorithms implemented through image segmentation, at both global and local
levels, proved to be robust and reliable for delineating lake boundaries under various
complex water conditions at continental scales [21]. Combining a water index with digital
image-processing technology, an automatic lake-extraction method was proposed to iden-
tify water pixels, especially mixed water pixels in shallow or narrow water bodies [22]. In
order to detect supra-glacial lake area in Northeast Greenland, the potential of Sentinel-2
images was explored in a fully automated way, and the complete algorithm was presented,
allowing for continuous monitoring [23]. Apart from the threshold segmentation, other
groups of image-segmentation methods, such as active contour models, superpixel segmen-
tation, and watershed segmentation, were gradually developed and applied. An image
can be partitioned by computing the patch statistics in the image and then segmenting
the image using an active contour model [12,24-26]. These level-set-based segmentation
algorithms were further improved for the efficient extraction of small, overlooked glacial
lakes and the removal of mountain shadows. Superpixel segmentation can effectively
preserve the statistical characteristics of the image and segment image into many small
homogeneous regions with similar sizes or with different scales [27,28]. To deal with
the over-segmentation problems, solutions were based on a morphological approach that
combined the watershed segmentation with average contrast maximisation [29,30]. Mean-
while, some object-oriented classification methods have also been developed to map glacial
lakes [31,32]. These methods use characteristics of glacial lakes and their surroundings to
differentiate between lake water and background, exploiting the full range of lake mor-
phologies, spectral features, and contextual information. The smoothness of the border,
as well as the homogeneity and compactness of the objects, are taken into account in the
object-segmentation process [33].
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Table 1. Summary of methods used for the segmentation of lakes and their surrounding features.
Method Category Method Advantages Disadvantages References
Time-consuming and
Hieh accuracy for labour-intensive; lérgely
Manual delineation Manual delineation & Yy depends on the subjective [1,7,8]
small region .
experience and
operational procedures
Extracts useful structural Manually defined thresholds;
Canny edge operator information, single edge affectc.ad bya high c.legree of [17]
response, and greatly noise, resulting in the
reduces the amount of data  discontinuity of a line segment
Edge detection Constant thresholds, not
Phase-congruency-based 'dependent on changes in Seed p.oints are manually
detector image contrast and range, selected; extracted edges are [19]
and can extract weak edge not completely closed
features completely
Simple and effective for Low accuracy for complex
Thresholding segmentation small scale and environments and [13,20-23]
homogeneous areas large regions
Topological variability and
can be applied to all kinds Complex calculation; many
Active-contour models of features, take full attempts should be made to [12,24-26]
consideration of the choose optimized parameters
Image regional heterogeneity
segmentation Preserves the statistical
characteristics of the image  Loss of important topological
Superpixel segmentation and segment image into information of the [27,28]
many small homogeneous original image
regions
Fast and parallel Over-segmentation problems;
Watershed segmentation computing, produces full s Pre ’ [29,30]
. sensitive to the noise
boundaries
Fully express the semantic
Object-oriented information between Manually establishes optimal
Object-oriented . objects, and extracts segmentation scale and [31,32]
segmentation £ . . . R
eature information at appropriate classification rules
different scales
Independent of auxiliary The quality and quantity of
Deep learning U-Net-based deep learning data and has a high degree training data are [34,35]

of automation

highly important

In general, the use of satellite images for the monitoring of glacial lakes has been mostly
concerned with conventional manual digitization, edge detection, image segmentation
methods, and object-oriented classification, rarely adopting some advanced deep-learning
methods. Compared with other methods, deep-learning algorithms have a high ability in
terms of feature extraction and autonomous learning; they possess a large number of hidden
layers and can support a higher level of data abstraction and prediction. These advantages
mean that these algorithms have broad prospects in cryosphere applications. An attempt
has been made recently to map glacial lakes using deep-learning models. Wu et al,,
2020 presented an improved U-Net-based, deep-learning, semantic-segmentation network
model for extracting the unconnected small glacial lake outlines using a combination of
Sentinel-1 ground-range-detected (GRD) SAR images and Landsat-8 multispectral imagery
data [34]. Qayyum et al., 2020 explored the potential of PlanetScope optical imagery for
the mapping of glacial lakes in the different years over the Hindu Kush, Karakoram, and
Himalayan region. They used the pre-trained EfficientNet as the backbone of the U-Net
architecture, which can automatically extract the majority of the supra-glacial lakes that
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were missed in other inventories, but they only observed the inter-annual variations rather
than seasonal changes in the glacial lake area. The quantitative evaluation measurements
were also not given [35]. Furthermore, in terms of monitoring targets, there is a dearth of
research into the extraction of dynamic changes of supra-glacial lake outlines, ice crevasses,
and supra-glacial streams in mountainous glaciated areas. These areas are challenging
because of the complexity of the environment and subtle objects. Spatially heterogeneous
melt patterns caused by the development and evolution of supra-glacial lakes and other
surface features result in substantial mass losses over time [36]. The determination of these
features is the basis for the monitoring of glacier changes [37].

Supra-glacial lakes appear and re-form in the hollows of glacier surfaces during the
ablation season (Figure 1a) [38]. These lakes have a short lifespan of approximately several
days or weeks, and appear to be highly variable in their size, shape, and location [31].
Due to current atmospheric warming, new lakes develop in higher-altitude regions in
the glacier. Since they are a type of glacial lake that interacts closely with glaciers, many
supra-glacial lakes are usually omitted from results of glacial lake mapping since they are
highly dynamic and transient, and have relatively small sizes that are not easily digitized
or classified. This is particularly the case where lakes contain dirty water (sediment-laden
turbid lakes), which makes their spectral reflectance not as clearly expressed as that of
lakes with pure water and obvious land-water boundaries [39]. The difference is due to
lakes that are hydrologically integrated with the glacier, and perhaps especially the glacier
bed. Therefore, abundant suspended fine-grained silt and clay-size material is put into the
lakes, and thus they are dirty and possess this type of reflectance [40]. Some supra-glacial
lakes are largely isolated from the bed (sources of fine sediment), and they either have no
meltwater streams and englacial flows into the lake, or the inflowing streams are just clean
water flowing over clean ice, so in the true-color composite images, that water is shown in
dark blue or almost black, and can be identified.

Figure 1. Photographs of a glacial lake and adjacent surface features. (a) Supra-glacial lake with floating
ice, found on a debris-covered glacier; (b) glacier terminus; (c) ice crevasse caused by tension in the ice;
and (d) supra-glacial stream formed by the confluence of glacier meltwater and downward flow.

In addition to supra-glacial lakes, some water-eroded stripes, such as ice crevasses
and supra-glacial streams on the glacier surface, are the immediate manifestation of glacier
melting caused by climate change. The existence of crevasses and streams on the glacier
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also influences both the high ablation rates at the glacier terminus (Figure 1b) and the
formation/development of supra-glacial lakes (Figure 1a). Ice crevasses are cracks caused
by tension in glacier movement (Figure 1c) [41]. According to the relationship between
crevasses and glacier flow direction, they can be divided into transverse crevasses per-
pendicular to the glacier flow direction, longitudinal crevasses parallel to the glacier flow
direction, oblique crevasses obliquely intersecting with the glacier, and marginal crevasses
distributed in the annular snow basin [42]. Transverse crevasses are the most common state,
and can be hundreds of meters long, tens of meters wide, and tens of meters deep [43].
Crevasse patterns are mostly affected by gradients in the glacier velocity [44]. Supra-glacial
streams are usually formed in summer, when there is substantial melting of snow and ice
from the glacier (Figure 1d). The meltwater continues to accumulate and flows downward,
and then forms streams that originate below the equilibrium and generally along the
main axis of the glacier [45]. These streams, which are directly caused by the increase in
temperature and glacier melting, can be considered as indicators of climate change, and
can be used to quantify local changes in the thickness of glaciers.

Based on the foregoing, the detection of supra-glacial lakes, supra-glacial streams,
and ice crevasses using satellite images is therefore important for future research. The
Chinese GaoFen-3 (GF-3) satellite was launched on 10 August 2016, equipped with a
C-band imager at 5.405 GHz and multi-polarization. Due to its high spatial resolution of
1/3/10 m and temporal resolution of 3 days, as well as high observation precision over
large scales, GF-3 offers powerful capabilities to monitor supra-glacial lakes in terms of
surface area, growth, and disappearance. It can also accurately locate surface features on
glaciers. The objectives of this study are: (i) to demonstrate an application of GF-3 SAR
imagery to detect and monitor these structures on glaciers in the Mount Everest region
of the Himalayas; (ii) to apply and compare three classical methods to identify and map
these features from GF-3 SAR images: the Canny operator, the variation B-Spline level-set
method, and the U-Net-based deep-learning model; and (iii) to better understand the
connections between the meltwater, glacier dynamics, and the distribution n of the surface
hydrological system. This highlights the importance of being able to study the surface
hydrology dynamics and patterns over large spatial scales with a high spatial and temporal
resolution. Using the U-Net deep-learning method, we can recognize lake types and some
surface features that have previously been difficult to classify, such as elongated and deep
lakes, lakes with floating ice, and ice crevasses. Given that the amount of glacier melting
has increased significantly in recent years, the inclusion of these features might prove
particularly important for the understanding of change mechanisms of glaciers.

The following sections of this paper are organized as follows. Section 2 introduces the
study area and images used. A brief overview of three approaches to detection of supra-
glacial lakes and glacier surface features using SAR data, as well as accuracy evaluation
indicators, are given in Section 3. In Section 4, the extraction results of glacial lake outlines
and other features using the three methods are presented, and their spatial characteristics
and temporal variations are analyzed. Section 5 discusses the specific constraints for
deriving supra-glacial lake extent and properties of the water-eroded stripes. Conclusions
are given in Section 6.

2. Study Area and Data Set
2.1. Study Area

This study is focused on the Mount Everest region in the Nepalese Himalayas, the
highest mountainous area in the world (Figure 2). The northern part bounds with Dingri
County in the Tibet Autonomous Region, China [46]. The snow line lies between 4500 m
and 6000 m, and is low in the south and high in the north. Almost one-third of the region
is characterized by glaciers and snow cover, with less than 10% of the land area being
vegetated [47].
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Figure 2. (a) Map of study area (indicated by the blue polygon), which is located in the Northeast
Nepalese Himalayas (b).

The climate of Mount Everest and its vicinity is complex and changeable. The climate
varies greatly and rapidly year-round; even during one day; it is often unpredictable. Precip-
itation is abundant on the southern slope but rare on the northern slope [38]. Generally, the
rainy season is from early June to mid-September each year. During this period, the strong
southeast monsoon causes frequent rainstorms, heavy clouds, and heavy snow [48]. From
November to mid-February, the lowest temperature can reach —50 °C, and the average
temperature is about —30 °C, under the control of the strong northwest cold current [49].

The glaciers here are typical of the Himalayan region, and the surface of the glacier
terminus is almost entirely covered by debris. Due to the intense melting of glaciers
and the insulation of moraines, a large number of supra-glacial lakes have developed
on the glaciers [50]. These glacial lakes are vulnerable to climate change and undergo
dramatic seasonal changes or even GLOFs. Lake water is mainly sourced from meltwater
of snow and glaciers, rather than runoff from precipitation. Downstream of the glacier, the
presence of crevasses and supra-glacial streams suggests that this part of the glacier is still
quite active. The heavily crevassed surface, as observed during field investigations, may
significantly contribute to the efficiency of vertical drainage of meltwater [51]. Additionally,
some meltwater drains horizontally from the glacier surface through supra-glacial streams
and rivers. Ice crevasses and supra-glacial streams are closely related to the melting state
of glaciers, and their widths even reflect the ablation rates of glaciers.
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2.2. Satellite Images and Pre-Processing

Glacial lakes and their surrounding objects were identified and extracted using GF-3
SAR images, which were obtained from the Open Spatial Data Sharing Project of the
Aerospace Information Research Institute, Chinese Academy of Sciences (http:/ /ids.ceode.
ac.cn/, accessed date: 20 February 2021). The SAR sensor had 12 imaging modes, including
Fine Strip 1 (FSI), Fine Strip 2 (FSII), Ultra Fine Strip (UFS), Slide Lighting (SL), Scan mode,
Spotlight mode, etc. [52]. It can contribute to many domains, such as disaster monitoring
and assessment, and water-resource evaluation and management [53]. Previous studies
have shown that debris-covered parts or crevasses on a glacier are much more visible in
satellite images with 10 m or higher resolution [9]. Therefore, seven GF-3 SAR images (one
scene for FSII, one scene for SL, and five scenes for UFS) were acquired between May and
September 2020. Table 2 provides details concerning the GF-3 SAR data that were used.
These data offered a viewing-swath width of 10~100 km, and were designed with HH or
HH-HV polarization. They were acquired in the melt season of the Mount Everest Region
because during this time, glaciers melt the most dramatically, which accelerates both lake
expansion and crack processes. In addition, this period also corresponds to the monsoon
season, when the glacial processes are particularly active, also combined with abundant
rainfall, which may pose threats of GLOFs and ice avalanches in this region.

Table 2. Different satellite data used in this study.

GF-3 SAR Image GEF-2 PMS Image

. Acquisition Spatial Swath Acquisition Cloud DEM

g;::e Illl))/ {\T:g: Date Resolution Width Polarization Path/Row Date Cover
(dd/mm/yyyy) (m) (km) (dd/mm/yyyy) (%)

020700/20  FSII 16,/07/2020 10 100 HH, HV 77/170 17/07/2020 0.31
020007 /1 SL 29/05/2020 1 10 HH 78/171 02/06/2020 1.26
021435/69  UFS 05/09/2020 3 30 HH 78/170 05/09/2020 0.83 SRTM
021507/70  UFS 10/09/2020 3 30 HH 76/171 10/09/2020 0.75 1-arcsecond
021507/69  UFS 10/09/2020 3 30 HH 77/170 10/09/2020 2.10 global DEM
021141/26  UFS 15/08/2020 3 30 HH 76/171 16/08/2020 3.25
021141/25  UFS 15/08/2020 3 30 HH 77/171 16/08/2020 0.58

Intensity images were produced for use in the extraction of information about lake out-
lines and other features according to the different purposes of application. The processing
consisted of several steps, including spatial multi-looking to reach approximately square
pixels (pixel sizes for FSII, SL, and UFS imagery were 10 m, 1 m, and 3 m, respectively) on
the ground, generation of the radiometrically calibrated intensity image [52], application
of Range Doppler terrain correction using the Shuttle Radar Topography Mission (SRTM)
1-arcsecond global digital elevation model (DEM), and finally an adaptive Lee filter for
de-speckling.

In addjition, seven GF-2 PMS images acquired between May and September 2020 that
had the closest dates to the corresponding GF-3 SAR images (Table 2), were used for the
validation of the detection capability of the three methods for different glaciated facies. GF-2
satellite was launched on 19 August 2014, equipped with two panchromatic/multispectral
(PAN/MSS) cameras with a combined swath of 45 km [54,55]. It is capable of collecting
images with a high spatial resolution of 1 m in the PAN band and 4 m in the MSS bands, and
has a revisit cycle of five days. In this study, all the GF-2 PMS images were geometrically
rectified using SRTM DEM data.

3. Methods

The procedures for delineating glacial lakes and other glacier features, as well as
their characteristic analyses based on GF-3 SAR images, are illustrated in Figure 3. Based
on the pre-processed intensity images, three approaches—the Canny edge operator, the
variational B-spline level-set method, and the U-Net-based deep-learning method—were
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used to extract glacial lake outlines and surface features on the glaciers. The Canny edge
operator has advantages of extracting useful structural information, single edge response,
and greatly reducing the amount of data to be processed; it is one of the most well-known
edge-detection techniques. Because of topological variability and their applicability to
all kinds of feature information, level-set segmentation methods have been widely used
for dealing with remote-sensing image-segmentation problems. To segment SAR images,
the variational B-spline level-set method was used because it can effectively reduce the
interference of noise and simplifies the mathematical derivations. The U-Net-based deep-
learning method, which does not require external auxiliary data, and combines shallow
and deep features, can extract different scales of objects, but so far it has not been widely
employed for the delineation of cryosphere elements.
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Figure 3. Steps used to segment and characterize glacial lakes and other surface features on glaciers.

The segmentation results, including proglacial lake outlines, supra-glacial lake out-
lines, ice crevasses, and supra-glacial rivers estimated from GF-3 SAR imagery, were
validated by mapping the results from high-resolution GF-2 panchromatic multi-spectral
(PMS) imagery. Their relative accuracy was further evaluated in comparison with other
glacial lake inventories. Finally, we conducted systematic analyses of the features based on
their distribution characteristics and spatial configurations.

3.1. Canny Edge Operator

The Canny edge operator [42] is one of the most classical algorithms in image edge
detection. It is based on three basic objectives to achieve refinement and accurate posi-
tioning: (1) low error rate—all edges should be found without pseudo-response; (2) edge
points should be well positioned, and as close as possible to the true edge; (3) response
to single edge point—this means that the detector should not detect multiple pixel edges
where there is only a single edge point.

Correspondingly, five procedures were involved to mathematically express the three
principles listed above. Firstly, a Gaussian filter was used on the input image to filter
out noise and reduce the error rate. Then the gradient intensity and orientation of each
pixel in the image were calculated. According to the gradient orientation, non-maximum
suppression was applied to the gradient intensity to eliminate the spurious response caused
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by edge detection and for further refinement. Finally, edge detection was accomplished by
determining real and potential edges using double-threshold detection and suppressing
isolated weak edges. In this study, we used the Canny edge operator for the detection of
glacial lake outlines and glacier surface features. The sensitivity threshold for the Canny
method was defined as 0.09, since some trial and error found that a threshold of 0.09
returned good results [17,54]. The standard deviation of the Gaussian filter was set as
the default value sqrt (2), and the size of the filter was chosen automatically based on the
chosen standard deviation.

3.2. Variational B-Spline Level-Set Method

Level-set-based segmentation methods have become an effective and well-established
tool for the tracking of contours and surface motion from remote-sensing images. They
do not operate on the contour directly, but set the contour as a zero level-set of a higher-
dimensional function [56]. The main advantage of level-sets is that arbitrary complex
structures can be modeled and topologically transformed. The variational B-spline level-set
method presents a different formulation in which the implicit function is modeled as a
continuous parametric function expressed on a B-spline basis [57]. This representation
provides an overall control of the level-set, and allows the re-initialization of the level-
set to be avoided by the normalization of the B-spline coefficients, thus increasing the
computational efficiency. It can retain small details of the shape of the target borders,
particularly for inhomogeneous regions. Moreover, the inherent smoothing of this method
can effectively deal with noise, which is difficult in traditional level-set implementations.

In the B-spline level-set functions, let « be a bounded subset of 74, and let fra—17Z
be a given d-dimensional image. Then, the evolving interface T C Z* is represented as the
zero level-set of an implicit function ¢(+), which is expressed as a linear combination of the
B-spline basis function [57]:

9(x) = X S[IB" (T —0) M

cezd

where " (-) is the uniform symmetric d-dimensional B-spline of degree m. As is commonly
done in [58], we set m = 1. The knots of the B-spline lie in a grid a with regular spacing. S|c]
assembles all the coefficients of the B-spline representation. [ refers to a scale parameter
which directly affects the smoothness of the interface. I must be an integer and when [ <4,
it is generally set to the default value 1 [57].

The energy function of the variational B-spline level-set method can be expressed
as follows:

E(¢) = [ G(Q), ¢(x))dx @
o
where G corresponds to the data-attachment term, given as:

G(Q(x), (%)) = H((x))(Q(x) = 0)* + (1 = H(¢(x)))(Q(x) — w)? ®)

In this expression, H is the Heaviside function, and v and w are the two parameters
updated at each iteration.

Finally, the minimisation of the energy function (2) can be done with respect to the
derivatives of each B-spline coefficient. This algorithm computes the level-set evolution
on the whole image rather than the local area. Therefore, new contours could emerge
far from the initialization. As a region-based method, the variational B-spline level-set
method shows the potential for the extraction of closed glacial lake outlines in terms of
computational time and flexibility. For line features like ice crevasses and supra-glacial
streams, the extraction results using the variational B-spline level-set method are connected
at the edge of the line segment, and it is necessary to manually break and delete the short
connection segment at the edge to achieve realistic and accurate results.
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3.3. U-Net-Based Deep-Learning Model

Classical edge-detection methods such as the Canny edge operator [59], the Laplace
operator [60], and others extract features poorly from images that have varied illumination
and magnification. The related thresholds also have to be set empirically, which means
that numerous experiments are needed to achieve satisfactory results. Level-set-based
edge-detection segmentation methods can evolve the internal and external contour curves
of the objects; however, the position of the artificial initial contour curve will greatly affect
the final segmentation results. In addition, the operation time is relatively long, which
limits the automatic and rapid extraction of large-scale glacial lakes in the Tibet Plateau
with complex environmental conditions.

Deep learning is a type of advanced machine-learning technique characterized by
multilayer neural networks [61]. It is convenient and efficient to operate on images under
different illuminations, magnifications, complex terrains, and climatic conditions, since
the classification rules can be automatically learned through the continuous optimization
of loss functions. Further, benefiting from the automatic extraction of deep convolutional
features, it has been shown to perform very well for deep data mining and object recogni-
tion, in comparison with other edge-detection and segmentation methods that are based on
some manually designed input features. U-Net is one of the most popular deep-learning
network architectures. It was first proposed by Olaf Ronneberger [62] for the segmenta-
tion of medical images. U-Net is a full-convolution network; it does not include a fully
connected layer and has no limitation on the amount of data, which is quite different from
conventional networks. The architecture can be divided into encoder and decoder parts.
The encoder obtains different levels of image features through continuous sampling of
multiple convolution layers [63]. The decoder conducts multi-layer deconvolution for the
top-level feature image, and then in the process of down-sampling, it combines different
levels of feature maps to restore the size of the feature map to the original size of the
input image [63]. In addition, skip-connection is used in the same stage, to ensure that
the finally recovered feature map integrates more low-level features and also enables the
fusion of features at different scales. Therefore, U-Net can be effectively used for multi-scale
prediction and extraction.

In the field of remote-sensed image processing, U-Net has been successfully applied
for the semantic segmentation of buildings [64], roads [65], shoreline extraction [66], and
crop identification [67]. In this study, fully exploiting the textural and spatial distribution
characteristics of the changing nature of the glacial lakes and glaciers, we applied the
U-Net-based deep-learning method, which was implemented in Tensorflow 1.14 on the
Python 3.7 platform, specifically targeting the identified pro-glacial lakes, supra-glacial
lakes, and linear features on the glacier surface from GF-3 SAR intensity images.

3.4. Accuracy Assessment

To comprehensively evaluate the extraction results of supra-glacial lakes, two newly
released data sets for High Mountain Asia (HMA) were chosen for comparison: those from
Wang et al. (2020) and Chen et al. (2021) for the closest period (2018 for Wang et al. and
2017 for Chen et al.) over the spatial extent of our region [68,69]. Landsat TM, ETM+,
and OLI images were used to produce the annual glacial lake inventory over the entire
HMA region.

In addition, using the manually digitized glacial lake outlines and other surface
features on the glaciers from GF-2 images as the reference data set, a quantitative accuracy
assessment of the segmentation results was undertaken using three performance indicators
derived from the confusion matrix and a distance-measurement indicator.

The first three indicators, specifically Precision (P), Recall (R), and F1 score (F1), were
generated based on the True Positive (TP), True Negative (IN), False Positive (FP), and
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False Negative (FN) [61,70]. Precision shows the ratio of the correctly classified classes that
are positive for each class. It can be defined as follows:

TP

P=_——1+
TP+ FP

@)

Recall indicates the ratio of the correctly classified positive classes; it is also known as
the sensitivity measured with TP and FN. High values of this metric represent high recall
accuracy. The related formulation is as follows:

TP

R=7p7EN

®)
The F1 score is the harmonic mean between the Precision and Recall, indicating the

degree of alignment between the predicted boundary and the true boundary. The higher

the value, the better the model’s ability to predict the class. The F1 score is computed by:

(6)

The fourth indicator—normalized histogram of the minimum distance Dispi, [19]—
was mainly used for the evaluation of the detection and extraction accuracy of line features
such as ice crevasses and supra-glacial rivers. It describes the proximity between the
detected line features I and the corresponding position of the true lines J. It is an important
index for quantifying the performance of local segmentation, and can be obtained as:

Dismin= HiStiel(minjEI(d(i/j))) @)

where the unit of Disp;y, is a pixel in this study. This index is only valid when the line
segment is effectively detected, but the position may be mismatched.

4. Results
4.1. Extraction of Glacial Lake Outlines

Figure 4 illustrates the advantages of SAR images in the application of glacial lake
monitoring and mapping. Here, one Landsat-8 image is presented as an example, because
it is from one of the most widely used satellite data sets for glacial lake mapping and
the production of lake inventories. Apart from the fact that it is routinely not affected by
cloud cover, as shown in the yellow rectangle in Figure 4, it can detect some supra-glacial
lakes that appear confused by the boundary in the optical images. For instance, some
supra-glacial lakes tend to be dusty and dirty due to suspended sediments such as silt,
clay, and dirty ice mixed with debris. In the Landsat-8 OLI image, these mixed pixels of
glacial lakes exhibited mixed reflectance, as shown in the red rectangle in Figure 4a; while
in the SAR imagery, the presence of an obviously low backscattering signal for all the lakes
ensured that the SAR intensity data could extract both the clean and dirty supra-glacial
lakes within an ablation zone.

The extraction results of glacial lake outlines obtained by applying the Canny edge
operator, variational B-spline level-set method, and U-Net-based deep-learning method
to the original GF-3 intensity images of the test areas shown in Figure 2 are illustrated in
Figure 5. The test areas included several large proglacial lakes and numerous supra-glacial
lakes on the glacier terminus, which were typical types of glacial lake in the study area. A
comparison among the three methods was made based on their accuracy indicators and
efficiencies.
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Figure 4. Examples showing the identification of glacial lakes in different images. The red and yellow
rectangles indicate clean and dirty supra-glacial ponds, and typical pro-glacial lakes, respectively.
(a) True-color composite of the widely used Landsat-8 OLI imagery (RGB: 432, Path/Row: 140/41,
Cloud cover: 1.57%) acquired on 1 September 2020, and (b) GF-3 HH-polarized intensity imagery
acquired on 5 September 2020.
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Figure 5. Pro-glacial lakes and supra-glacial lakes in Region D Imja glacier (a—c) and Region B Ngozumpa glacier (d—f)
segmented on the 5 September 2020 UFS imagery by the Canny edge operator (first column), variational B-spline level-set
method (second column), and U-Net-based deep-learning method (third column). The blue and red contours in (b,e)
indicate manually digitized glacial lake outlines and extracted outlines, respectively. For locations, see Figure 2.

The accuracy of the extracted outlines can be evaluated with respect to the GF-2
manually digitized glacial lake outlines. Because the large lake area dominated the sta-
tistical results of accuracy, we calculated the accuracy of all lakes and the accuracy of the
smaller supra-glacial lakes separately for the reliable evaluation of the segmentation perfor-
mance of each method. The lake outlines detected by the Canny edge operator mistakenly
contained some linear features from non-glacial lake regions. As for the detected closed
lake contours, some very small glacial lakes were missed or coalescent (red rectangle in
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Figure 5a,d). Indeed, this method was associated with the lowest accuracies for Precision
(85.30%) and Recall (81.23%) for all the glacial lakes, and Precision (72.48%) and Recall
(66.24%) for supra-glacial lakes (Table 3). The outlines detected by the variational B-spline
level-set method were mostly located outside of glacial lakes and were over-smoothed at
the edges, so that the complex structure of the lake boundary was lost. However, the glacial
lake area extracted using the U-Net-based deep-learning method was relatively accurate,
with Precision and Recall of 98.45% and 95.82%, respectively, for all the glacial lakes. It
could capture the rich details of the lake edge, and retained many tiny glacial lakes that
were difficult to automatically identify.

Table 3. Performance evaluation for the three methods over all test regions.

Method Lake Type Precision (%) Recall (%)  F1 Score (%)

All glacial lakes 85.30 81.23 86.50
Canny edge operator

Supra-glacial lakes 72.48 66.24 76.79
Variational B-spline All glacial lakes 91.62 89.53 90.34
level-set Supra-glacial lakes 88.39 80.12 85.73
U-Net-based deep All glacial lakes 98.45 95.82 96.93
learning Supra-glacial lakes 93.28 93.57 94.05

In terms of efficiency, the Canny edge operator required human intervention to some
extent. Although in the processing, the used threshold could be specified automatically;,
the extraction results were not complete and contained some noises. If a uniform threshold
was applied for the entire image, some small glacial lakes were missed and their extracted
outlines were broken, as demonstrated by the area enclosed by the rectangle in Figure 5d.
The variational B-spline level-set method also required human intervention. The position
and size of the initial contour were better defined manually to obtain accurate results.
Furthermore, this method involved many parameters that needed to be defined. Because
each glaciated region showed different characteristics of terrain and backscattering, it
was not feasible to apply the same parameters to all glaciers, and a great deal of effort
was required to choose the optimized parameters for each glacier. Therefore, for both of
the above two methods, attempts should be made before satisfactory results have been
achieved in a specific glacier, which indicates that a method requiring human intervention
is a time-consuming and inefficient way to achieve large-scale glacial lake mapping. In
contrast, the pre-trained U-Net-based deep-learning architecture was convenient to operate
and could be applied to the large-scale glaciated region with fixed parameters, and achieved
satisfactory results (shown in the examples in Figure 5¢,f). Hence, the glacial lake area
could be extracted from the whole image automatically.

4.2. Extraction of Ice Crevasses and Supra-Glacial Streams

With the 1 m resolution SL data, glacier characteristics such as crevasses became
clearly visible, and illumination differences due to topographic relief appeared (Figure 6a).
The accuracy of the extracted ice crevasses and supra-glacial streams could be assessed
based on the yellow ellipses shown in Figure 6. The linear features extracted by the Canny
edge operator were incomplete, and there were also many breaks in the lines due to the
weak edge characteristics of crevasses and streams in the image. The Canny operator
detected the increase or decrease of grey levels on both sides of a linear feature based
on the grey-value gradient. For low-quality images with noise and no obvious gradient
changes in some regions of glacier features, it resulted in the discontinuity of a line segment.
Meanwhile, the lines obtained by the Canny operator were messy, and were affected by
a high degree of noise. The linear features obtained by the variational B-spline level-set
appeared as more complete, but were all connected at the margin, which required further
processing to remove the connection segment. This was due to the fact that the variational
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B-spline level-set is a region-based geometric active-contour model, rather than an edge-
based segmentation method; its essence is to evolve the closed initial contour curve to
the boundary of the target. In contrast, the typical crevasses were delineated as single
and continuous lines using the U-Net-based deep-learning method. This method uses
the superposition method of shallow and deep networks to achieve the fusion of local
features and abstract features of fractures. Thus, the fractures could be completely detected,
and their details were preserved. The lines inside the ellipses that were missed by the
Canny operator and the variational B-spline level-set were detected by the U-Net-based
deep-learning method. Furthermore, the fracture area produced by the U-Net-based deep-
learning method not only contained the length of the fracture, but also provided additional
information about its width, which was useful for evaluating the amount of ablation on the
glacier and monitoring changes in glacier and lake status in response to climate change.

(d)

Figure 6. Ice crevasses as segmented on the (a) 29 May 2020 SL imagery of the Region C Khumbu
Glacier by (b) the Canny edge operator, (c) variational B-spline level-set method, and (d) U-Net-based
deep-learning method. The blue and red lines in (a,c) indicate manually digitized lines and extracted
lines, respectively. For location, see Figure 2.

The accuracy of the extracted linear features was measured by the minimum distance
of each pixel to the manually digitized true lines. The results obtained by the U-Net-based
deep-learning method were closest to the true edge of ice crevasses, and could achieve the
mean minimum distance of less than one pixel (Figure 7), which was much better than
what was possible using the other two methods. For the images used in GF-3 SL mode,
the location accuracy of the extracted lines by the U-Net-based deep-learning method was
estimated to be no worse than 1 m. In general, based on the completeness and accuracy of
the extraction results, and also its low-noise performance, the U-Net-based deep-learning
method proved to be able to effectively extract glacial lake outlines and other glacier facies.
Additionally, the success of the method in capturing the widths of glacier facies with high
accuracy provided the potential for describing hydrodynamic processes of glaciers [71].
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Figure 7. Normalized histogram of the minimum distance (in pixels) between the true lines and
those extracted by (a) the Canny edge operator, (b) the variational B-spline level-set method, and
(c) the U-Net-based deep-learning method.

4.3. Analysis of Seasonal Changes of Supra-Glacial Lakes

Based on the U-Net-based deep-learning method, glacial lake outlines in different
phases were extracted, and seasonal lake evolution was studied. The investigated debris-
covered glacier tongues on Ngozumpa Glacier of the Mount Everest region showed areas
with tens of supra-glacial lakes and several pro-glacial lakes. From May to September, these
proglacial lakes showed subtle changes at the boundaries (Figure 8a), while the number
and area of supra-glacial lakes varied greatly, ranging from 18 to 36 and 0.22 km? to
0.42 km?, respectively (Table 4). The rapid changes in supra-glacial lakes were mainly due
to the seasonal variations in meltwater on the glacier surface, dominated by the occurrence,
disappearance, and coalescence of some of the adjacent supra-glacial ponds (Figure 8a),
which aggravated the threat of outbursts. Similar results could also be observed for the
Khumbu Glacier, which exhibited substantial recent shrinkage and a high probability
of further lake development. Unlike the evolution patterns of supra-glacial lakes in the
Himalayas, because of the different environmental and climatic conditions, supra-glacial
lakes in the Greenland Ice Sheet showed widespread lake formation and drainage, with a
2-3-week delay in the evolution of lake area for different regions [72]. The average life of
the lakes was 24 days, with little variation between different melting seasons [73].

Table 4. Changes in the number and area of glacial lakes at Ngozumpa and Khumbu Glaciers from

May to September 2020.
29 May 16 July 15 August 10 September
Glacier Area Area Area Area
oO. (kmz) No. (kmz) No. (kmz) No. (kmz)
Ngozumpa 18 0.22 31 0.41 28 0.32 36 0.42
Khumbu 19 0.19 28 0.37 30 0.35 38 0.21

Results also showed that supra-glacial lakes were mainly distributed downslope in
the study area, and they were coupled with supra-glacial streams and crevasses (not clearly
shown in the UFS imagery due to the resolution of 3 m), which may have affected their
evolution and glacier dynamics considerably. The spatial configuration of these features
over the entire glacier revealed a high supra-glacial lake density near the end of the debris-
covered glacier tongue, possibly due to the abundant active glacier ice interacting strongly
with thick moraine and high temperature [74].
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Figure 8. (a) Development of pro- and supra-glacial lakes detected in this study from May to
September 2020. Background image is from GF-3 UFS imagery on 10 September 2020. (b) Other
glacial lake inventory data used for comparison, from Chen et al. in 2017 and Wang et al. in 2018.

The white lines denote the boundary of the glacier terminus.

According to the analysis above, we could also conclude that glacial lake outlines and
other linear features found from GF-3 SAR images using the U-Net-based deep-learning
method were more accurate, complete, and distinct than those found in other glacial lake
inventories. As shown in Figure 8b, our study could capture the detailed seasonal evolution
of glacial lakes; that is, the spatial-distribution information of glacial lakes in multiple
periods of a year, while other glacial lake inventories only record glacial lakes at a specific
time, and are more likely to ignore a large number of small supra-glacial lakes because
of their short durations and the limited available optical images caused by cloud cover
and the temporal interval. Given that small glacial lakes are more sensitive to climate
change and glacier activities [7,75], accurate extraction of supra-glacial lakes and timely
monitoring of rapid changes in glacial environments from multi-source remote-sensing
images is of great significance.

4.4. Characteristics of Surface Features on the Glaciers

Based on the derived supra-glacial lake outlines and other important linear features
such as supra-glacial streams and ice crevasses, in this section we study the characteristics
of these surface features on the glaciers. The profile constructed from the extracted line of
the Khumbu Glacier surface (Figure 9) presented the morphology of these surface features
on the part of a typical glacier in the Mount Everest region. Supra-glacial rivers were closely
related to the long-term melting of glaciers; they existed on the flat glacier surface with
gentle changes in slope on both sides of the river (Figure 9). Meltwater from large glaciers
tended to accumulate and form glacial rivers, which further sped up the melting of glaciers.
The erosion of meltwater and rivers on glaciers formed flow stripes seen in the images.
Generally, they were located in the region between the equilibrium line and the glacier
terminus, and flowed along the longitudinal axis of the glacier, so the extracted features in
the yellow ellipses in Figure 6 were mostly not supra-glacial streams, but large and deep
ice crevasses. In this study, crevasses were usually perpendicular to the main axis of the
glacier. Crevasses were related to the movement of glaciers. In the process of glacier flow,
when there is a velocity difference, the ice body will break and form crevasses. Transverse
crevasses generally originate at the location of significant fluctuation in the ground, so there
is a sharp decrease in the elevation from the glacier surface to the formed ice crevasses, with
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several to tens of meters in depth. In this case, the water level in the supra-glacial ponds
was higher than that of the streams, it only comprised the flat area between 280 m and
350 m along the profile. From the results of the profile of the Khumbu Glacier surface, we
can see that the meltwater flowed through shallow supra-glacial streams and the crevasse
zone occurred on steep terrain, and their spatial distributions indicated that they were
more likely to form in areas where intense glacier activity and high tension in the ice were
expected. The rectangular marked areas were explored in detail in the experimental results.
The orange line in Region C from Figure 2 denotes the location of the profile shown in
Figure 9.

70801 —— General surface --- Ice crevasse

70601 --- Lake water level Surface runoff
7040+
7020+
7000+
6980+
6960+
6940+
6920+
6900+

Elevation (m asl)

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300
Distance along profile (m)

Figure 9. Profile of the Region C Khumbu Glacier surface. The line was extracted from the 1
arc-second global SRTM DEM for a length of about 1400 m.

5. Discussion
5.1. Small and Elongated Supra-Glacial Lakes

Our study exploited the high spatial and temporal resolution and the high areal
coverage of GF-3 SAR images, which can be designed to study the changing nature of
glacial lakes and their surrounding features. Meltwater is stored in great quantities in
supra-glacial lakes on the glaciers in the Mount Everest region of the Himalayas, which
show different morphological characteristics. Small and elongated lakes (Figure 10) were
most prominent during the ablation season, and the contribution of these lakes to the
total lake area was significant. However, because of the small shape and narrow width of
lakes, the identification and mapping of these supra-glacial lakes have been found to be
problematic in SAR data [76]. If lake width is similar to the spatial resolution of the SAR
images, this may result in mixed pixels along the lake edge, thus complicating the mapping.
The lake may also be divided into several subsections, so it appears to be several smaller
lakes. In these conditions, the use of high-spatial-resolution, multi-mode SAR images such
as GF-3 is a prerequisite for identifying and classifying these small and narrow supra-
glacial lakes that were previously difficult to extract correctly or completely. Furthermore,
it is important that the segmentation process should not simply rely on brightness and
backscattering intensity values, but also make full use of the shape, textural, and contextual
quantities to assist in identifying these lakes. The U-Net-based deep-learning method used
in this study could extract multi-level features of glaciers from SAR images, and could focus
on key features for complete lake mapping, providing possible solutions to the problems
of omission and error extraction for these types of lakes. The automatic implementation of
this method also reduced the amount of post-processing refinement of the mapping results,
and improved the overall mapping efficiency.
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Figure 10. Examples of surface backscattering variations and lake types during 2020. (a) Backscatter-
ing intensity along transects of the glacier tongue and a supra-glacial lake. The orange and green lines
refer to the horizontal and vertical lines shown in (f), respectively. The glacial lakes with delineated
shorelines in (b) represent a subset of the Region A Bhotekoshi Glacier on 5 September. (c—f) Four
types of glacial lakes: (c) elongated lake; (d) small lake; (e) small and irregular lake; (f) lake with
ice cover.

5.2. Lakes with Ice Cover on the Surface

Apart from their small size and narrow shape, supra-glacial lakes with partial or
complete ice cover also present challenges for lake identification, since lake ice and glacier
ice have a reasonably similar backscattering signal. The backscattering characteristics of
these lakes as a whole are more complex and changeable than those of other supra-glacial
lakes. Two orthogonal profiles extracted along the green and orange lines seen in Figure 10f
document the variations in backscattering intensity through the supra-glacial lake surface
and glacier tongue (Figure 10a). The second-highest backscattering intensity values were
associated with the lake ice area, which was close to value of the backscattering coefficients
of the surrounding glacier. The peak high values around pixel 180 were for the center of
the upper right lake. Two valley regions of low backscattering corresponded to the surface
water around the lake ice within the glacial lake. The lakes with ice cover contributed a
large amount to the total lake area at the peak of the melt season, and generally this type
of lake has a larger area than regular supra-glacial lakes [77]. Therefore, the inclusion of
this type of lake was crucial for the precise estimation of total lake area and lake volume.
Johansson et al. [31] used a multi-class approach that incorporated quantity settings of
changes in lake size, shape, and appearance, as well as changes in the surrounding snow, to
identify this type of supra-glacial lake from MODIS images. This method fully expressed
the semantic information between objects, and could extract feature information at different
scales, but the optimal segmentation scale and appropriate classification rules needed to be
manually established. In this study, similar to long and narrow lakes, lakes with ice cover
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could be more easily detected and mapped using shape, textural, and other high-level
features extracted using the U-Net-based deep-learning method.

5.3. Glaciers and Water-Eroded Stripes

Fine stripes can be clearly observed in the high-resolution SAR images (Figure 6), but
were not visible on the relatively low-resolution images (Figure 5). The field investigation
was carried out on the terminus of the Khumbu Glacier in the summer of 2015. We
observed and took many pictures of crevasses and flow rivers. Because the time of field
observation was not consistent with the acquisition dates of our experimental data, in-
situ data could only be used to confirm that these stripes existed on the glacier, as can
be seen in the SAR images. They could be easily distinguished from other glacier facies
according to the backscattering characteristics, since the ice crevasses in the SAR imagery
had high backscattering coefficients and were brighter than the ice and debris cover, but
the supra-glacial flow had almost no signal return and was darker than the ice.

The ice crevasses and supra-glacial streams also were associated with the properties
of glaciers, and they varied according to the size of glacier. There were many more of
these stripes on the large glaciers compared to the small glaciers, and they developed
wider and deeper. There was little meltwater on the small glacier, so the stripes were not
formed. Moreover, the transverse stripes became denser and wider along the flow direction
of the glacier to the terminus, which implied that there were more ice crevasses; also in
addition, with the accumulation of glacier melt and variations in tension within glaciers,
the fracture of the glacier became deeper, and the glacier was expected to be divided into
many branches.

Based on the derived stripe maps, the accurate analysis and prediction of ablation
rates of glaciers is promising. The melting of glaciers occurs not only on the surface that
directly receives solar energy, but also inside the glaciers due to the continuous erosion
from meltwater. Therefore, these linear features serve as a sign of the rapid melting of
glaciers, while at the same time, they are also one of the reasons for the fast glacier melting.

6. Conclusions

This study provided a complete mapping of glacial lakes and surface features in the
Mount Everest region. These types of analyses are essential to understand the impacts of
recent climate change. Moreover, attention was focused on the delineation of supra-glacial
lakes and some surface features such as supra-glacial rivers and crevasses, which are the
immediate and most obvious signs of ablation of debris-covered glaciers at high altitudes.

Chinese GF-3 SAR images had a suitable accuracy and resolution to detect these
important features, and offered more details. To study the distribution and characteristics
of these surface features, we deployed GF-3 SAR imagery over the debris-covered glaciers
in the Mount Everest Region of the Himalayas. The acquired three modes of data were
processed into high-resolution intensity images. Glacial lakes and surrounding surface
features were extracted and compared using the classical Canny operator, the variation
B-spline level-set method, and the U-Net-based deep-learning method, and their spatio-
temporal distribution and morphology were analyzed. We concluded that the combination
of the U-Net-based deep-learning method and the GF-3 imagery was a valuable tool for the
automatic extraction and analysis of dynamic surface features on debris-covered glaciers.
By considering the contextual and spatial information of glacier areas, it was possible to
detect 98.45% of the glacial lakes with fine structures and preserve many small supra-
glacial lakes. The ice crevasses extracted using the U-Net-based deep-learning method
were complete, had a high location accuracy of better than 1 m, and contained useful
information about geometric parameters (e.g., length and width).

Results showed overall variations of supra-glacial lakes and surface features on the
glaciers. Regarding the delineated supra-glacial lakes, our findings confirmed that lakes
had widely varying appearances as indicated by the observation results. Many of the
supra-glacial lakes on the glacier terminus were hydraulically connected with other lakes
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and supra-glacial streams, while some upstream lakes appeared hydraulically isolated.
Concerning the temporal variation characteristics of the supra-glacial lakes in this region,
we found they evolved in a much more rapid way than we expected, and were correlated
with the slope of the glacier.

This study is novel in the identification of detailed features (supra-glacial rivers and
crevasses) on glaciers, and in effective utilization and exploration of GF-3 SAR data for
supra-glacial lakes and surface structures characterization. In fact, the interactions between
the glacier, glacial lake, and these features were intensified. We found that most of the
glaciers in the Mount Everest region had dense and linearly distributed streams and
crevasses, which were characterized by gentle terrain and a sharply decreased elevation,
respectively, and appeared to be deeper and wider downward. Dense levels of supra-
glacial rivers and crevasses on the glaciers indicated high rates of meltwater input from
erosion of ice, and thus were an indirect measure relating to the activity and hydraulic
integration of the glaciers in this region. Considering the typicality and representativeness
of this high-altitude region, the evolution of these supra-glacial lakes and surface features
were helpful in predicting and detecting the trends in climate change. This study only
emphasized the distribution and variation of features over a short period of time due to
the limitations of the data sources and limitations in the process extracting these important
features. Future work will continue to focus on the segmentation and investigation of
these glacier surface features by using some advanced or simple algorithms such as Mask
R-CNN, ECognition, and maximum likelihood. The free availability of the Sentinel-1A /1B
data will also benefit future research for the extraction of glacial elements based on deep
learning, and could make long-term monitoring of their changes possible.
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