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Extraction of Glacial Lake Outlines in Tibet Plateau
Using Landsat 8 Imagery and Google Earth Engine

Fang Chen, Meimei Zhang, Bangsen Tian, and Zhen Li, Member, IEEE

Abstract—Glacial lake outburst floods (GLOFs) are among the
most serious natural hazards in high mountain regions in the last
several decades. The recent global warming has caused dramatic
glacial lake changes and increased potential GLOF risk, particu-
larly in Tibet Plateau (TP). Thus there is a pressing need to under-
stand area and spatial distribution of glacial lakes at a large scale.
Current efforts about glacial lake mapping in TP region is lim-
ited by spurious detections in the heterogeneous backgrounds. The
nonlocal active contour algorithm, which takes full consideration of
the regional heterogeneity in image, has been effectively applied in
the field of medical image segmentation, but has not been tested at
large scale of glaciated area yet. Moreover, the improved radiomet-
ric resolution and geographic coverage from Landsat 8 provides an
opportunity to map glacial lakes. This study evaluated the potential
of Landsat 8 images on annual glacial lake mapping in TP region
which was characterized by various complex water conditions. The
Google Earth Engine based cloud computing effectively facilitated
the processing of a complete time series of Landsat 8 imagery from
2015 (156 path/rows and approximately 3580 scenes). Characteris-
tics of glacial lake distribution were analyzed from aspects of size
classes and elevation. Our results demonstrate that these strategies
and methods automatically produce highly reliable glacial lake ex-
tents across the entire TP region, and are potentially applicable to
other large-scale glacial lake mapping projects.

Index Terms—Glacial lake, Google Earth Engine, Landsat 8,
non-local active contour, Tibet Plateau.

I. INTRODUCTION

T is widely known that glaciers serve as a sensitive indicator
of terrestrial climate and environmental changes as well as
important water resources in mountainous areas. In response to
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climate warming, the majority of glaciers on the Tibetan Plateau
are now retreating and thinning, not only affects meltwater avail-
ability [1], runoff regimes [2] and hydrological processes [3] in
the region but also accelerate glacial lake evolution and in-
crease the risk of glacial lake outburst floods (GLOFs). GLOFs
are of high scientific importance because they can suddenly
cause catastrophic damages and fatalities in the downstream
regions [4], [5]. Mapping and monitoring these glacial lakes
would improve our understanding of regional climate change
and potential hazards.

Glacial lakes are typically located in remote areas and space-
borne remote sensing provides a feasible technique for sys-
tematic glacial lake mapping and inventory at a large scale. The
Landsat series of satellites provide the longest temporal and spa-
tial record for earth surface observation since their first launch
in 1972. The recently launched Landsat 8 on February 11, 2013
is expected to extend the Landsat mission into the next decade.
In addition to improved performance in terms of radiometric
resolution and high signal-to-noise ratios (SNR), an improved
duty cycle allows collection of a significantly greater number of
images per day, particularly at the equator and higher latitude ar-
eas [6]—[8], thus providing more data sources for climate change
studies, and have been widely used in glacial lake mapping and
other researches of cryospheric sciences. The spatial distribu-
tion and temporal changes of glacial lakes were investigated by
manual digitization for the High Mountain Asia using Landsat
data [5]. Many studies commonly use two-band spectral water
indices such as Normalized Difference Water Index (NDWTI) [9]
and modified NDWI (MNDWTI) [10] to derive glacial lake extent
by setting a single threshold [11]-[13]. An automated algorithm
was developed based on the histogram of NDWI and applied
to delineate glacial lakes from Landsat images in circa 1990,
2000 and 2009 across the Himalaya mountains [14]. Apart from
water indices, many features such as multispectral bands, tex-
ture and mid-level or high-level features learned by deep neural
networks could also be used as the inputs of image segmenta-
tion [15]. Thermal infrared analysis is another way to investigate
temperature differences in glacial lakes for the further automated
detection [16], [17].

Although these efforts have greatly increase the knowledge
on the distribution of glacial lakes and their development from
spatial and temporal domains, these studies are limited by sig-
nificant amount of manual interpretation and editing. Besides, in
the case of glacial lakes that are abundant at small sizes, because
of the characteristics of the source glacier and lake bed, and
due to the water depth and sediment influx, these lakes appear
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Fig. 1. Location of the Tibet Plateau region. The boundary of Landsat
path/rows is showed on the map to showcase the Landsat sidelaps. Glacier
outlines are taken from the Randolph Glacier Inventory (RGI v3.2) and the
distribution of the 56 meteorological stations is derived from NOAA’s National
Centers for Environmental Information (NCEI).

turbid over a wide spectral range; this produces heterogeneous
reflectance from the lakes and adjacent land surfaces. The vary-
ing turbidity and sedimentation characteristics of glacial lakes
mean that special techniques are required for automated detec-
tion. This paper, for the first time, presents a method for the
extraction of glacial lakes that uses an active contour model
together with the non-local processing principle, which takes
full consideration of the reflectance heterogeneity in satellite
images, requiring only local homogeneity in the image. For the
large study areas, because of the large data volumes and as-
sociated processing required, the Google Earth Engine (GEE),
which has open and dense Landsat archive data, was used for
the cloud computing [18].

Based on the urgent need for glacial lake area information
in high altitude regions and the existing challenges involved in
large-scale moderate-resolution glacial lake mapping, the objec-
tive of this study are to (1) automatically and efficiently generate
glacial lake map in the Tibet Plateau (TP) region for 2015 using
Landsat 8 imagery (30 m pixel size); (2) demonstrate the avail-
ability of Landsat 8 data for guaranteeing a high quality yearly
map of glacial lake on the large scale area like the TP region;
(3) explore the unique capabilities of non-local active contour
(NLAC) algorithm used for detecting and mapping glacial lakes.

II. THE STUDY SITE AND DATASETS
A. Study Site

The study is the entire TP region, known as the core region of
the Earth’s third pole, having an average elevation of more than
4000 m above sea level (a.s.l.) and occupying an estimated area
of ~2.50 million km? (Fig. 1). The TP contain the largest number
of glaciers outside the Antarctic and Arctic. Approximately 36,
800 glaciers are distributed in this area, with an area of about
49, 873.44 km? and a total ice volume of 4561 km? [19]. They
account for 79.5% of the total number of glaciers, 84% of the
total glaciated area and 81.6% of the total ice volume in China.
These glaciers are the source of many prominent Asian rivers
and are largely experiencing shrinkage, which affects the water
discharge of large rivers such as the Indus, the Brahmaputra and
the Ganges.
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This region is one of the most dynamic, fragile, and com-
plex mountain systems in the world [20]. The TP climate is
under the combined influences of the East Asian and South
Asian monsoons and of the westerlies [21], [22]. The weather
is characterized by a thin atmosphere, abundant sunlight, low
temperatures with a small annual range and large daily range,
and small, unevenly distributed precipitation amounts. Gener-
ally, a decrease both in temperature and in precipitation from the
south-eastern to the north-western part of the plateau is appar-
ent. For the plateau, the mean temperature of July, as warmest
month, varies from 7 °C to 15 °C and from —1 °C to —7 °C in
January [23], as coldest month. Average annual temperature is
1.6 °C. Precipitation amounts to about 413.6 mm a year [24],
with more than 60-90% falling in the wet and humid summers
(June—September) and 10% at maximum in the cool, arid win-
ters (November—February).

B. Datasets

All the Landsat 8 images acquired throughout 2015 belonged
to the Level 1 Terrain-corrected (L1T) product and had been
archived in the GEE platform as the United States Geologi-
cal Survey (USGS) Landsat 8 Top-of-Atmosphere (TOA) Re-
flectance (Orthorectified) collection. These images were also
georeferenced with a precision better than 0.4 pixels [25]. To
reduce the effect of seasonal variability, images in similar sea-
sons were selected, mainly in autumn and early winters, when
glacial lake change is minor after the ablation period of glaciers
[26]. A total of 156 path/rows and approximately 3580 scenes
were required to cover the whole study area.

Other dataset used included: i) meteorological data provided
by NOAA’s National Centers for Environmental Information
(NCEI) (the locations of meteorological stations are shown in
Fig. 1); ii) the Randolph Glacier Inventory (RGI v3.2) [27],
based on the RGI data, a buffer distance of 10 km from the
nearest glacier termini [5], [28] was adopted to determine the
extent of glacial lakes in this study. Glacial lakes farther than
10 km from the nearest glacier termini were excluded due to
an assumed weak interaction with current glaciers; and iii) the
Shuttle Radar Topography Mission (SRTM) 1 arc-second global
data, which was employed to remove the topographical shad-
ows and identify the altitudinal characteristics of mapped lakes.
The SRTM data, derived from the National Aeronautics and
Space Administration (NASA) and the National Geospatial-
Intelligence Agency (NGA) were acquired in 2000 and were
provided in geographic coordinates with a 1 arc sec (approxi-
mately 30 m) resolution and a high vertical accuracy (root mean
square error (RMSE) of less than 8 m) for the area lying between
60° N and 56° S [29].

III. METHODOLOGY

The overall methodology developed in this study for detect-
ing glacial lakes over the TP region is given in Fig. 2. The
significant advantages of our method are that (1) it is an auto-
mated scheme for the extraction of glacial lakes in rugged alpine
mountainous areas; (2) it can precisely delineate lake shorelines
by taking into account the spatial heterogeneity inside each lake;
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Fig. 2. Flowchart describing the procedure for large-scale glacial lake map-
ping used in this study. Major modules include pre-processing of Landsat 8 data
by GEE, the mapping of each lake by the non-local active contour algorithm, data
post-processing (manual cross-checking and reediting) and validation based on
sample lakes taken from GF-1 PMS images.
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(3) GEE based cloud computation was used to process a con-
siderable amount of data over large scale area within a short
time. Correspondingly, there are four major modules, includ-
ing pre-processing of the Landsat 8 OLI TOA data by GEE,
accurate extraction of individual glacial lake using the NLAC,
data post-processing (manual cross-checking and reediting) and
validation using sample lakes from higher resolution images.
These steps are discussed in detail in the sub-sections below.

A. Image Pre-Processing

All the pre-processing of the Landsat § OLI TOA data was
conducted using the cloud computing technology available in
the GEE platform (https://earthengine.google.org/), which, be-
cause it is based on millions of servers located around the world,
is able to use parallel computing to make the processing of the
large amount of data covering large study areas feasible. In order
to ensure complete coverage of the study area, we selected the
least cloudy scene from the time series of images for the area
covered by each specific path/row. To exclude the effects due to
other, non-glacial lakes, the images were clipped using a buffer
polygon of glaciers for the study area that was based on the RGI
v3.2. Topographic shadows were then masked using knowledge
of the sun elevation and azimuth angles at the satellite image
acquisition time. In this study, where surface slopes are larger
than 10° and shade relief values are less than 0.25 were removed
[14, 30].

The normalized difference index of green and short wave
infrared band were rightly thought to provide good contrast for
detecting glacial lakes in the study area. It is simple to calculate,
only using two input bands without tuning parameters. Thus
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Fig. 3. (a) A false-color composited Landsat 8 OLI image for central Hi-
malayas with band 5 (near infrared), band 4 (red) and band 3 (green) from 9
August 2015. (b) An example of image block for glacial lake extraction using
the proposed method. The red contour, the black contour and the yellow contour
indicate initial outline obtained by global thresholding, buffer zone of initial
outline and the final segmentation result after the regional implementation of
NLAGC, respectively. (c) The MNDWI frequency histogram for glacial lake and
adjacent area of (b).

the MNDWI was selected as the image feature to identify the
location of glacial lakes. This index was calculated using the
equation:

PGreen — PSWIR
PGreen T PSWIR

MNDWI = (1)
where pgreen and pgwir are the TOA values of the green band
(0.53-0.59 mm) and short wave infrared band (1.57-1.65 mm)
as measured by the Landsat OLI sensor.

After that, the initial glacial lake areas were segmented from
the MNDWI imagery by applying a relatively low global thresh-
old of 0.15, which, experimental analysis with many threshold
values have shown that 0.15 is suitable to determine almost
all of the potential lake areas [14], [31]. The smallest glacial
lakes detectable in the Landsat 8 OLI data had an area of 9
pixels, i.e. 0.0081 km?. However, this still did not give accurate
results because the heterogeneous spectral responses of lake wa-
ter and adjacent land surfaces. A complete example of shoreline
extraction from the Landsat 8 imagery is presented in Fig. 3.
The water—land boundaries in the lower part of glacial lake in
Fig. 3(b) presented mixed reflectance due to a mixture of water
and ice from connected glacier. From the MNDWTI frequency
histogram (Fig. 3(c)), we can find that although the land display
obvious discrepancy in value compared with the water, there is
a large overlap of MNDWI between them, which demonstrates
that it is difficult to use a single threshold to separate the lake
from the land directly. Because of this, we define image blocks
such that each block contains one lake in a buffer zone of the ap-
proximate shoreline (Fig. 3(b)). Taking into account the annual
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changes in glacial lake were not too large, a buffer distance of
10 pixels was chosen. These image blocks were then exported
from GEE for subsequent regional refinement of the results.

B. Regional Implementation of the NLAC

A NLAC algorithm was used for regional glacial lake map-
ping based on the images exported from the GEE. The idea here
was to partition an image by computing the patch similarity
in the image non-locally and then to segment the image using
an active contour model. After computing the MNDWTI for the
images, non-local comparisons between feature patches were
used to calculate the active contour energy, which is defined
by integrating the interactions between pairs of patches inside
and outside the segmented region. Finally, a level set method
was used to minimize the non-local energy. Since the level set
segmentation is fast for small images but slow for large images,
the segmentation speed of whole image blocks can be improved
remarkably. Each image block running about three seconds, and
the overall runtime for the entire TP region is approximately six
hours.

The NLAC model computes the segmentation of an image f
as a stationary point of the following optimization problem:

min[E(¢) + v L(¢)] )

where ¢ is the level-set function. E(¢)is the energy that mea-
sures the similarity between the inside and outside the contour
C'. L(¢) is aregularization term and y > 0 is a weight parameter
used to balance the two terms. As is commonly done in [32], we
set v = 0.1. The energy E(¢) is computed in a non-local way

as [33], [34]

+// Guls—t)-dlps,p) dudy  (3)

where p; and p; are the patches centered on pixels s and ¢,
respectively. d(ps, p;) > 01is a scale metric that accounts for the
similarity between patches. S and S¢ denote the regions inside
and outside the contour C, respectively. G, (-) is a Gaussian
kernel of scale «. The parameter acontrols the scale of the
homogeneity which is required for the segmented object. For
simplicity, we set a = 2, also the integration inside and outside
the contour C' is performed using a Heaviside function H (¢)
[35]. Thus, (3) can be transformed as

0= [f ot

Go(s—

S*t d(peapf) dedf

H(o(t)))

t) - d(ps, pr)dsdy “4)

where p is the indicator function defined as p(u,v) =1—
|u — v|, which implies that only pairs of pixels for which ¢
has the same sign are considered [36], [37].

The segmentation region is penalized by the length of the
contour C":

/ IVH((s)) . )
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Combining (2), (4) and (5), the optimization function can
be obtained and its minimization can be achieved by using an
iterative scheme.

C. Data Post-Processing and Validation

After completing the extraction of the water body boundaries
for all the lakes, we cross-checked the results basin by basin to
ensure that there were no missing or erroneous lakes. Because
Google Earth uses higher spatial resolution images including
SPOT 5 (spatial resolution 2.5 m), GeoEye (1.65 m) and Quick-
bird (2.62 m), the derived lake boundary vector files were then
converted to KML format and loaded into Google Earth for vi-
sual examination and comparison. According to the acquisition
date of Landsat 8 OLI images, the very high spatial resolution
images from Google Earth around 2015 were also acquired from
September to December. If any errors were identified, the files
were edited further using ArcGIS. Specifically, we retained the
polygon with the largest area in each block to represent the open
water. Errors related to some possible misclassification of small
inlands and streams have automatically been eliminated using
the platform of ENVI/IDL. Finally, the image acquisition date,
lake area, perimeter and centroid are stored as the attributes of
shoreline vector files.

In order to achieve robust and quantitative validation of the
results, we compared the area and perimeter estimates obtained
using the Landsat 8 OLI data with the results derived from
GF-1 panchromatic multi-spectral (PMS) images, which were
collected during the time from September to December. The
classification accuracy of our proposed method was also as-
sessed by calculating kappa coefficients, commission and omis-
sion error, etc. The GF-1 satellite was recently launched by
China and has a high spatial resolution of 2 m/8 m in the
panchromatic/multi-spectral bands. Based on considerations of
the amount of work involved and to achieve a suitable sam-
pling number, we selected the glacial lakes from four typical
regions as samples — these regions covered the northern Karako-
ram mountains, western Kunlun mountains, central Himalayas
and southeast Tibet. The conditions in the selected test regions
ranged from marine to continental glacier and were thus charac-
terized by diverse climatic conditions, physical properties and
surrounding environments. The raw PMS panchromatic/multi-
spectral images were first ortho-rectificated individually and
then processed to create the final 2 m pan-sharpened reference
images. The sampled lakes were manually digitized out at the
1:25000 scale using ArcGIS. Glacial lakes in each image were
carefully identified and interpreted by experts with knowledge
and experience. To make the judgments as objective as possible,
we take the comprehensive judgments made by three experts,
this ensured consistent examination and high quality control.

IV. RESULTS AND DISCUSSION

A. Pattern of Glacial Lakes in Tibet Plateau and Accuracy
Assessment

After applying the method proposed in this paper, the spatial
distribution of glacial lakes in the TP region was obtained as
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including the northern Karakoram mountains (A), western Kunlun mountains (B), western Himalayas (C), central Himalayas (D), eastern Himalayas (E-F) and
southeast Tibet (G). Yellow ellipse in Map E shows some typical supra-glacial lakes in the study area. The black rectangles in the glacial lake map represent the

extent of the sampled lakes used for validation.

shown in Fig. 4. As the study area is huge and the glacial lakes
are relatively small (many of them less than 0.1 km? in area), it is
difficult to show all the lake boundaries clearly. Maps A—G show
some samples of typical glaciated areas. Generally there are
four patterns associated with the glacial lakes. (1) Unconnected
glacier-fed glacial lakes, such as those shown in Map A-B, are
not connected with their mother glaciers. The occurrence of
these lakes is caused by the continuous retreat of debris-free
glaciers. (2) Moraine-dammed lakes, such as the lakes in Map
C-D, are located next to the glacier terminus and receive melt
water directly from their mother glaciers. Such glacial lakes are
expanding due to glacier recession induced by global warming
[38]. (3) Supra-glacial ponds, such as lakes in yellow ellipse in
Map E are formed by surface lowering and increasing glacier
stagnation; these lakes have the potential to coalesce into larger
lakes where a small glacier surface gradient exists. (4) Glacial
lakes that develop around marine glaciers, such as the lakes in
Map F and G, have outlines that remain clear and are barely
mixed with the glacier snow/ice cover.

These four patterns that occur in the study area suggest that
glaciers play a vital role in glacial lake distribution. As this arti-
cle mainly focuses on yearly lake mapping, time-series analysis
of glacial lake changes will be discussed in detail in future pa-
pers. Moreover, the combination of annual glacial lake mapping
and the resulting multi-temporal information will provide the
basis for analyzing the spatial distribution and temporal evolu-
tion of glacial lakes and make the identification of potentially
dangerous glacial lakes possible.
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Fig. 5. Comparisons of glacial lake area (a) and perimeter (b) derived from
Landsat 8 OLI and GF-1 PMS data for the sampled lakes. R represents the
determination coefficient.

To evaluate the matching of the lake boundaries, two mea-
sured parameters — area and perimeter were calculated for Land-
sat 8 OLI and GF-1 PMS, respectively (as shown in Fig. 5).
For all the sampled lakes from the four test regions, there is a
very high degree of agreement between measured parameters
derived from Landsat 8 OLI and GF-1 PMS imagery (the as-
sociated R? were 0.9428 and 0.9845, respectively). The PMS
derived perimeters always showed relatively higher values than
the OLI, this is because the higher resolution images could con-
tain more details of lake boundaries. The results of mapping
accuracy at each of the four main test sites are summarized in
Table I. At all test sites the overall accuracy achieved by our
method was higher than 0.90. Taking all accuracy statistics into
account, at test site in Southeast Tibet where the glaciers have
experienced serious material loss and retreat, our method per-
formed best with the greatest kappa coefficient, overall accuracy,
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TABLE I
SUMMARY OF ACCURACY ASSESSMENTS AT THE FOUR MAIN TEST SITES

Test site Land cover class User accu. Produc accu. Comm. error %  Omi. error %  Kappa  Overall accuracy
Northern Karakoram mountains Water 96.35 92.84 3.65 7.16 0.93 95.62
Nonwater 98.42 97.15 1.58 2.85
Western Kunlun mountains Water 97.12 91.45 2.88 8.55 0.92 93.21
Nonwater 98.51 92.74 1.49 7.26
Central Himalayas Water 96.86 84.63 3.14 15.37 0.89 91.57
Nonwater 95.25 99.57 4.75 0.43
Southeast Tibet Water 98.91 93.95 1.09 6.05 0.95 97.65
Nonwater 97.64 98.92 2.36 1.08
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Fig. 6. Statistical analysis of glacial lake in (a) various size classes and
(b) elevation gradients for 2015 in the TP region. (¢) Mean annual temperature
and precipitation during 1960-2015 were recorded at the 56 meteorological
stations within the TP region.

greatest water users’ accuracy, greatest water producer’s accu-
racy and least commission and omission error. Based on these
statistical analyses, it appears, therefore, that the data source
and method used to extract glacial lake information over large
areas are reliable and robust.

B. Characteristics of Glacial Lake Distribution in Tibet
Plateau

The number and area of glacial lakes are spatially heteroge-
neous, here we have analyzed the characteristics of glacial lake
distribution from aspects of various size classes, elevations and
their climate forcing before 2015.

tight In total, there were 8215 glacial lakes (832.19 km? =+
0.012 km?) in 2015 within the study area. In terms of occurrence
frequency of the five categories, the majority of the glacial
lakes in the TP region are small (area<0.1 km?), with this size
class comprising nearly 66% of the total number (Fig. 6(a)).
Medium-sized (0.1-0.2 km? and 0.2—1.0 km?), large-sized (1.0-
3.0 km?) and giant-sized (>3.0 km?) glacial lakes, although less
in number, account for 82% of the total glacial lake area. In
terms of distribution along the elevation gradients, glacial lakes
are distributed within the altitudinal range of 3400-6400 m
(Fig. 6(b)), and the majority of them are situated at an elevation

tuations of mean annual temperature and annual precipitation
during 1960-2015 (Fig. 6(c)). The mean annual air temper-
ature documents a significant rise at a rate of 0.45 °C/10a
during 1960-2015 (R?> = 0.71, P < 0.001). In contrast, an-
nual precipitation shows a slight decrease during the same pe-
riod. The rising temperature was the main climate forcing to
glacier shrinkage, which has been reported in many previous
studies. Therefore, we estimate that glacial lakes expansion in
the TP region mostly by glacier retreat controlled by climate
change.

C. Discussion

The experiment of large-scale yearly glacial lake mapping in
the TP region using Landsat 8 has been successful, which is
largely attributed to the improvement of its sensor and the en-
hanced image acquisition capability. Fig. 7 shows the observa-
tion numbers of individual pixels from Landsat 8 and Landsat 7
in the entire year of 2015. On average, Landsat 8 had an average
of 35.2 observations in the study area in 2015 and an average
of 21.2 good observations by excluding clouds, snow/ice and
cirrus according to the quality assessment band. Moreover, 76%
of Landsat 8 pixels had over 30 observations in 2015 and 71% of
Landsat 8 pixels had over 15 good observations. While Landsat
7 had an average of 23.6 observations and an average of 12.5
good observations in the study area in 2015. Landsat 8 have
much more advantages than Landsat 7 in the data availability in
terms of high quality scenes. The higher intensity observations
from Landsat 8 in the TP region contribute to a higher temporal
resolution of observations and provide more useful information
for glacial lake mapping.

Besides, the NLAC approach based on the MNDWI was
promising in the TP region. Since regional reflectance hetero-
geneity of satellite images is a main limitation for accurately
extracting glacial lakes, and the MNDWTI functions well in spec-
trally heterogeneous backgrounds [8], the NLAC approach that
couple with local information can be applied to refine the initial
segmentation of the MNDWTI and substantially compensate for
the poor spectral contrast. This study furthermore proved this
approach reliable for the glacial lake delineation in the complex
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the good observation numbers in the whole year for ¢) Landsat 8 and d) Landsat 7 by excluding clouds, snow/ice and cirrus.

environments in the TP region, and can be extended to other
large-scale glaciated area.

V. CONCLUSION

The preparation of an updated inventory of glacial lakes are
an important first step in assessment of GLOF hazard risk. Ex-
isting efforts to map glacial lakes are generally focused on local
or limited study areas due to the heterogeneous spectral re-
sponses involved. Based on the NLAC algorithm and all the
available Landsat 8 images from a single year, this study gen-
erated a detailed inventory of glacial lakes of the TP region for
2015. The GEE was used for the cloud computing given the
huge data size and processing requirement. The MNDWTI based
NLAC algorithm has been proved robust in mapping various
types of glacial lakes. More importantly, this study demonstrate
that the Landsat 8 can capture enough quality images during
a whole year, which provides an effective support for the high
temporal observation requirement of the glacial lake mapping.
Validation based on the high-resolution GF-1 PMS images in-
dicated that the glacial lake map that was produced had a high
accuracy, with overall accuracy higher than 0.9 at all the test
sites. The findings of this study offer an automated scheme of
improving the accuracy of detecting glacial lakes over the TP
region under different environmental conditions. Further analy-
sis on distribution of glacial lakes verify that climate warming
and its induced glacier retreat play a primary role in glacial
lake changes. Continued monitoring of glacial lake and detailed
analysis of their evolution are the currently urgent task, includ-

(1]

(2]

(3]
(4]

(5]

(6]

(71

(8]

[91

[10]

[11]

ing by collecting more remote sensing observations and field
survey.
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