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Abstract. The China-Pakistan Economic Corridor (CPEC) is one of thea-rumber-ef flagship
projects of the One Belt One Road Initiative, which faces threats from mountain disasters in
the high altitude region, such as glacial lake outburst floods (GLOFs). An up-to-date
high-quality glacial lake dataset with eritical-parameters tikesuch as lake type, acquisition
date and uneertaintyarea{e-g-—take-types), which is fundamental to flood risk assessments and
predicting glacier-lake evolutions and cryosphere-hydrological interactionsehanges, is still
largely absent for the entire CPEC. This study describes a glacial lake dataset 31-2020-for
CPEC, based on an object-oriented mapping method associated with rigorous visual
inspection workflows. This dataset includes (1) a glacial lake inventory for the year 2020 at
10 m resolution produced; which-was-preduced-from Sentinel epticatspectral images, and (2)
multi-temporal inventories for 1990, 2000, and 2020 produced from as-weH-as-30 m

resolutlon Landsat maqesqtaer&l—lake—%m

mspeetlen—werleﬂews The results show that Landsat derlved 2234 glacial Iakes in 2020
covering a total area of 86.31+14.98 km? with a minimum mapping unit of 5 pixels (4500 m?),
whereas Sentinel derived 7560 glacial lakes in 2020 with a total area of 103.70+48.45 km?
with a minimum mapping unit of 5 pixels (500 m?). The discrepancy implies that there is a
significant quantity of small glacier lakes not recognized in existing glacial lake inventories
and a more thorough inclusion of them require future efforts using higher resolution data. The
total number and area of glacial lakes from consistent 30 m resolution Landsat images remain
relatively stable despite a slight increase from 1990 to 2020. A range of critical attributes
have been generated in the dataset, including lake types eftwo-classification-systems-and
mapping uncertainty estimated by an improved_Hanshaw’s equation. This comprehensive
glacial lake dataset has potentials to be widely applied in studies on glacial lake-related
hazards-and, glacier-lake interactions and cryospheric hydrology, and is freely available at
https://doi.org/10.12380/Glaci.msdc.000001 (Lesi et al., 2022)-{Lesi-et-al-2622).—

1 Introduction

Glaciers in High-mountain Asia (HMA) play a crucial role in regulating climate, supporting
ecosystems, modulating the release of freshwater into rivers, and sustaining municipal water

supplies (Wang et al., 2019; Viviroli et al., 2020)-(Wang-et-al-2019-Vivireli-etal-2020),
agricultural irrigation, and hydropower generation_(Pritchard, 2019; Nie et al., 2021)-

{Pritehard, 2019 Nie-et-al—2021). Most HMA glaciers are losing mass in the context of
climate change (Brun et al., 2017; Maurer et al., 2019; Shean et al., 2020; Bhattacharya et al.,

2021)
therefore, unsustainable glacier melt is reducing the hydrological role of glaciers and
impacting downstream ecosystem services, agriculture, hydropower and other socioeconomic
values_(Carrivick and Tweed, 2016; Nie et al., 2021)-{Nie-et-al;20621). The present and
future glacier changes also alter the frequency and intensity of glacier-related hazards, such
as glacier lake outburst floods (GLOFs) (Nie et al., 2018; Rounce et al., 2020; Zheng et al.,
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2021){Nie-et-al2018:Zhengetal-2021-Rounce-etal-2020), and rock and ice avalanches_
(Shugar et al., 2021)(Shugar-et-al-2021). Global glacial lake numbers and total area both

increased between 1990 and 2018 in response to glacier retreat and climate change (Shugar et

al., 2020), which inevitably affected the risk of GLOFs.-altering-therisk of GLOFs: The
increasing frequency of GLOFs has been observed in the Karakoram and Himalaya_(Nie et al.,
2021)(Nie-etak—2021), and the increasing risk of GLOFs_(Zheng et al., 2021) is threatening
existing and planned infrastructures in the mountain ranges, such as hydropower plants,
railways, and highways.

A large number of major infrastructure construction projects for the One Belt One Road
Initiative (BRI) play a fundamental role in strengthening the interconnection of infrastructure
between countries and promoting international trade and investment_(Battamo et al., 2021; Li

et al., 2021){(Battame-et-al202%-Lietal2021). Taking the Karakoram Highway for
example, it is a unique land route to link China and Pakistan. The China-Pakistan Economic
Corridor (CPEC) is one of the BRI flagship projects, originating from Kashgar of the
Xinjiang Uygur Autonomous region, China and extending to Gwadar Port, Pakistan_(Ullah et
al., 2019; Yao et al., 2020){JHah-etal-2019Yae-etal2020). The northern section of the
CPEC passes through Pamir, Karakoram, Hindu Kush and Himalaya mountains where
glacier-related hazards such as GLOFs are frequent and severe (Hewitt, 2014; Bhambri et al.,
2019)-(Hewitt, 2014 Bhambri-etal;2019), threatening the existing, under-construction and
planned infrastructure projects. Understanding the risk posed by GLOFs is a critical step to
disaster prevention for infrastructures across the CPEC (Figure 1Figure-1).

Glacial lake inventories with a range of attributes benefit risk assessment and disaster
reduction related to GLOFs, and contribute to predicting glacier-lake evolution and
cryosphere-hydrosphere interactions under climate change (Nie et al., 2017; Brun et al., 2019;

Maurer et al., 2019; Carrivick et al., 2020; Liu et al., 2020)(Nie-et-al 2017 -Brun-et-al 2019
Liu-et-al-2020;-Maurer-et-al-2019). Remote sensing is the most viable way to map glacial

lakes and detect their spatio-temporal changes in the high-elevation zones where in situ
accessibility is extremely low (Huggel et al., 2002; Quincey et al., 2007){Huggel-et-al2002;
Quincey-et-al;2007). Studies in glacial lake inventories using satellite observations have
been heavily conducted at regional scales recently, such as in the Tibetan Plateau (Zhang et

al., 2015)(Zhang-et-al—2015), the Himalaya_ (Gardelle et al., 2011; Nie et al., 2017)(Gardele
etal2011Nieetal2017), the HMA (Wang et al., 2020; Chen et al., 2021)(Chen-et-al+
2021 Wang-et-al2020), the Tien Shan_(Wang et al., 2013)-(\Wang-etal—2013), the Alaska
(Rick et al., 2022), the Greenland (How et al., 2021) and the northern Pakistan_(Ashraf et al.,
2017)(Ashrafetak2017). However, the latest glacial lake mapping in 2020 is still absent
along the CPEC. Among existing studies, Landsat archival images are the most widely used
due to their multi-decadal record of earth surface observations, reasonably high spatial
resolution (30 m), and publicly available distribution_ (Roy et al., 2014){(Rey-et-al-2014).
Freely available Sentinel-2 satellite images show a better potential than Landsat in glacial
lake mapping and inventories due to their higher spatial resolution (10 m) and a global
coverage, but have only been available since late 2015 (Williamson et al., 2018; Paul et al.,

2020)-(WiHamson-etal—2018:-Paulet-al2020). Glacial lake inventories using Sentinel

images are relatively scarce at regional scales, and studies of the latest glacial lake mapping

3
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as well as comparisons of glacial lake datasets derived from Sentinel and Landsat
observations are still lacking.
Discrepancies between various glacial lake inventories (Zhang et al., 2015; Shugar et al.,

2020; Wang et al., 2020; Chen et al., 2021; How et al., 2021){Zhanget-al—2015;-Shugaret-
al2020-Chen-etal 2021 - Wang-et-al2020) result from differences in mapping methods,

minimum mapping units, definition of glacial lakes, time periods, data sources and other
factors. For example, manual vectorization method was widely adopted at the earlier stage for
its high accuracy. However, it is time-consuming associated with high labor intensity and is
only practical at regional scales (Zhang et al., 2015; Wang et al., 2020)(Zhang-et-al2015;-
Wang-et-al-2020). Automated and semi-automated lake mapping methods, such as band-

ratio-amulti-spectral indexiees classificationnd-ebject-eriented-classification (Gardelle et al.,
2011; Nie et al., 2017; Zhang et al., 2018; How et al., 2021){GardeHe-et-al2011;Zhanget

al2018;Nieetal2017), have been developed to improve the efficiency of glacial lake
inventories_using optical images, although artificiatmanual modification is often unavoidable

to assure the quality of lake data impacted by cloud cover--epticalimages, mountain
shadows, seasonal snow cover and frozen lake surfaces (Sheng et al., 2016; Wang et al., 2017,

2018)(Sheng-etal2016- Wang-etal201 /- Wang-etal;2018). SBackscatter images from
Svynthetic aAperture fRadar (SAR)backseatterclassification (Wangchuk and Bolch, 2020;

How et al., 2021) wasere used to remove the impact of cloud cover for lake mapping. Besides,

other approaches such as hydrological sink detection using DEM (How et al., 2021) erand
land surface temperature-based detection method (Zhao et al., 2020) were also used for lake
inventories. Different classification methods impact the results of lake mapping and
monltorlnq da%a—suehas&enﬂae#l—a%ts&memaan&%used—wmﬁak&e*ﬁaeﬂewd%

Fype-Dam type —classification of glacial lakes provides a crucial attribute for glacier-lake
interactions and risk assessment (Emmer and Cutin, 202 1){(Emmer-and-Cuiin,2024H. So far,
we are lacking there-has-netbeen-a unified standard for the classification system of glacial
lakes (Yao et al., 2018)-(Yae-etal2018). Existing classification systems are mainly for their
respective research purposes, mainly based on the relative positions of glacial lakes and
glaciers, the supply conditions of glaciers, and the attributes of dams. In addition to different
classification standards, the same typespeeies of glacial lakes may also have different names
given by different scholars. For example, ice-marginal (Carrivick and Quincey, 2014;
Carrivick et al., 2020), ice-contact (Carrivick and Tweed, 2013) and proglacial (Nie et al.,
2017) lakes all represent glacial lakes sharing the boundary with glaciers. Glacier lakes in

currently available datasets have been traditionally categorized by their spatial relationship
with upstream glaciers_(Gardelle et al., 2011; Wang et al., 2020; Chen et al., 2021){GardeHe-
etal—2011-Chen-etal 2021 Wangetal-2020), and classification attributes considering the

formation mechanism and the properties of dams are rare or incomplete in the CPEC (Yao et
al., 2018; Li et al., 2020)-(Li-etal-2021Yao-et-al-2018). Therefore, an up-to-date glacial
lake dataset with critical, quality-assured parameters (e.g. lake types) is necessary.

This study aims to (1) employ both Landsat 8 and Sentinel-2 images to create an up-to-date
glacial lake dataset in the CPEC to accurately document its detailed lake distribution in 2020;

4
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(2) reveal glacial lake changes and the spatial heterogeneity across mountains and basins in
the CPEC using consistent 30-m Landsat images at three time periods (1990, 2000 and 2020);
and (3) share the glacial lake inventories with a range of critical attributes to benefit
hazardous risk assessment of GLOFs and glacio-hydrological modeling in the HMA.
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Figure 1. Location of the study area and distribution of glaciers, mountains, basins and population.

The study area (Figure 1Figure-1) covers all the drainage basins along Karakoram Highway
starting from Kashgar and ending at Thakot, with a total area of ~125,000 km?. The upper
Indus basins beyond the Pakistani-administrated border are excluded in this study due to little
impact of GLOFs there on CPEC infrastructures. The entire study area is divided into eight
sub-basins, covering most of the Karakoram with the highest altitude up to 8611 m, western
Himalaya and Tien Shan, eastern Hindu Kush and Pamir mountains. The 9710 glaciers in the
study area cover a total area of 17,447 km? and nearly 60% of glaciers are distributed in the
Karakoram (5818 glaciers with a total area of 14,067.52 km?) (RGI Consortium, 2017)4RG}+
Consortitm;20174). Most glaciers in the western Himalaya and eastern Hindu Kush are losing

mass in the context of climate change (K&b et al., 2012; Yao et al., 2012; Brun et al., 2017;
5
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Shean et al., 2020; Hugonnet et al., 2021)
2020 Branebal 2040 Husonneebal 2021, whereas the gIaC|ers in the eastern

Karakoram and Pamir have shown unusually little changes, including unchanged, retreated,
advanced and surged glaciers_(Hewitt, 2005; K& et al., 2012; Bolch et al., 2017; Brun et al.,
2017; Shean et al., 2020; Nie et al., 2021)—6Nreet—&l—292—1—8¥un—et—al—2@%4e&r+et—&l—

' . . . The spatially heterogeneous
dlstrlbutlon and changes of glaciers are primarily explained as a result of differences in the
dominant precipitation-bearing atmospheric circulation patterns that include the winter
westerlies the Indian summer monsoon, their changing trends and their interactions with local
extreme topography (Yao et al., 2012; Azam et al., 2021; Nie et al., 2021)(Azam-et-al2021;

3 Data sources

Both Landsat and Sentinel images have been employed to map glacial lakes between 1990
and 2020 in the CPEC (Figure 2Figure-2). A total number of 98-71 Landsat Thematic Mapper
(TM), Thematic Mapper Plus (ETM+) and Landsat 8 Operational Land Imager (OLI) images
with a consistent spatial resolution of 30 m were downloaded from the United States
Geological Survey Global Visualization Viewer (GloVis, https://glovis.usgs.gov/appf) to be
used to create glacial lake inventories in 1990, 2000 and 2020. High-quality Landsat images
around 2010 are insufficient to cover the entire study area, so we had to give up glacial lake
mapping in 2010 as a result of Landsat 7’s scan-line corrector errors and significant cloud
covers. In addition, 46-39 Sentinel-2 images were downloaded from Copernicus Open Access
Hub (https://scihub.copernicus.eu/) to produce the 10-m resolution glacial lake inventory in
2020.

Cloud and snow covers heavily affect the usability of optical satellite images_(Wulder et
al., 2019)-(Wulderetal—2019) and their availability in the entire study area, so we took
advantage of the images acquired before and after each of the baseline years 1990, 2000 and
2020 to construct the glacial lake inventories. To minimize the impact of intra-annual changes
of glacial lakes, most of used images (8582% for Sentinel and 8275% for Landsat) were
acquired from August to October in the given baseline year with cloud coverage of <20% for
each image. For some specific scenes where cloud cover exceeded the threshold of 20%, we
selected more than one image to remedy the effect of cloud contamlnatlon (Nie et al., 2010,
2017; Jiang et al., 2018)-(Ni . .

Other datasets used include the Randolph Glacier Inventory version 6.0 (Pfeffer etal.,
2014; RGI Consortium, 2017){Pfefferetal 2014 RGHConsertitm, 2017 and the Glacier
Area Mapping for Discharge from the Asian Mountains (GAMDAM) glacier inventory_
(Sakai, 2019)(Sakai;20619)}. These two glacier datasets were used to determine glacial lake
attributestypes, such as ice-contact, ice-dammed and unconnected-glacier-fed lakes. The
Shuttle Radar Topography Mission Digital Elevation Model (SRTM DEM) at a 1-arc second
(30 m) resolution_(Jarvis et al., 2008)-[Farvis-et-al—2008} was employed to extract the
altitudinal characteristics of the glacial lakes. The absolute vertical accuracy of the SRTM
DEM is 16 m (90%) (Rabus et al., 2003; Farr et al., 2007)-(Farretak2007-Rabus-etal;-
2003). We also applied other published glacial lake datasets for comparative analysis. They

include the glacial lake inventories of HMA in 1990 and 2018 downloaded from
6
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http://doi.org/10.12072/casnw.064.2019.db_(Wang et al., 2020)-(Wang-et-al;-2620), the Third
Pole region in 1990, 2000 and 2010 publicly shared at http://en.tpedatabase.cn/ (Zhang et al.,
2015)(Zhang-etal2015), the Tibet Plateau from 2008 to 2017 accessed at
https://doi.org/10.5281/zenodo.3700282_(Chen et al., 2021){Chen-et-al2021), and the entire
world in 1990, 2000 and 2015 provided at https://nsidc.org/data /HMA_ GLI/versions/1_
(Shugar et al., 2020)-(Shugar-et-al—20620). In addition, field survey data collected between
2017 and 2018 were also used to assist in lake mapping and glacial lake type classification.
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Figure 22. Acquisition years and months of Landsat and Sentinel images selected for glacial lake
inventories. The bubble size indicates the available image number.

4 Glacial lake inventory methods

4.1 Definition of glacial lakes

We consider a glacial lake as one that formed as a result of modern or ancient glaciation.
Contemporary glacial lakes are easily recognized using a combination of glacier inventories
and remote sensing images. Ancient glacial lakes can be identified from periglacial
geomorphological characteristics, including moraine remnants and U-shaped valleys that are
discernible from satellite observations_(Post and Mavo 1971; Westobv etal., 2014; Nie et al.,
2018; Martm et al., 2021) P
Westoby-etal;2014). Landslide-dammed Iakes (Chen et aI 2017)-(Ghen—et—al—294r7—) in the
periglacial environment were excluded in our inventories because of their irrelevance to
7
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glaciation. We abandoned the definition that considers all lakes surrounding a specific
buffering distance of other glaciers also as glacier lakes, although this definition has been
widely used in previous studies assuming glacial meltwater as the main water supply (Zhang
et al., 2015; Wang et al., 2020)-(Zhang-etal2015:-Wang-etal-2020). This is because the
contribution of glacial meltwater to the lake supply is arduous to be quantified without an
accurate modeling of the cryosphere-hydrological processes (Lutz et al., 2014)-(Lutzet-al-
2014). All glacial lakes in the study area were mapped according to our definition without
any-regard to buffering distance Hmit-between-lakes-andof glaciers. We were able to
implement this definition by carefully leveraging the spectral properties of glacial lakes and
the periglacial geomorphological features that are often evident in remote sensing images (see
more in sections 4.3 and 4.4).

4.2 Interactive lake mapping

A human-interactive and semi-automated lake mapping method_ (Wang et al., 2014; Nie et al.,

2017, 2020)-(Wang-et-al2014Nie-etal2017-Nie-et-al-2020) was adopted to accurately

extract glacial lake extents using Landsat and Sentinel-2 images, based on the Normalized
Difference Water Index (NDWI)_(Mcfeeters, 1996)-(Mefeeters;-1996). The NDWI uses the
green and near infrared bands and is calculated by the following equation:

NDWI = Bandgreen—Bandyigr (1)

Bandgreen+Bandyir

where the green band and near infrared band were provided by both Landsat and Sentinel
multispectral images.

Specifically, the method calculated thethe NDWI1 histogramthe-method-automaticathy-
generated-the-histegram based on the pixels withef-NBW-in each user-defined and
manually-drawnew region of interest. The NDWI threshold that separates lake surface from
land was interactively determined by screening the NDWI histogram against the lake region
in the imagery (Wang et al., 2014; Nie et al., 2020)-(Nie-et-al—2020-\Wang-etal—2012). This
way, the determined NDWI threshold can be well-tuned to adapt various spectral conditions
of the studied glacier lakes. The raster lake extents segmented by the thresholds were then
automatically converted to vector polygons. We first completed the glacial lake inventory in
2020 using this interactive mapping method, and the 2020 inventory was then used as a
reference to facilitate the lake mapping for other periods.

The minimum mapping unit (MMU) was set to 5 pixels for both Landsat (0.0045 km?) and
Sentinel-2 images (0.0005 km?) in this study. MMU determines the total number and area of
glacial lakes in the dataset, and varies in the previous studies, such as 3 pixels_(Zhang et al.,
2015)(Zhang-etal—2015), 9 pixels (Chen et al., 2021)(Chen-etal2021), or 55 pixels_
(Shugar et al., 2020){Shugaretal;—2020) for Landsat images for various objectives and
spatial scales. While a smaller threshold leads to a large quantity of lakes mapped, it also
generates larger mapping noises or uncertainties. Considering this signal-noise balance and
our focus on identifying prominent glacier lake dynamics in the study area, we opted to use 5
pixels as the_—mintmum-mappirgunritMMU for both Landsat and Sentinel-2 images.

Several procedures were taken to assure the quality assurance and quality control for lake
mapping, including 1) visual inspection and modification for each lake based on Landsat,
Sentinel-2 and Google Earth high-resolution images overlaying preliminarily lake boundary

8
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extraction at the given time period; 2) time series check for Landsat-derived glacial lake
datasets from 1990 and 2020, and cross-check between Landsat and Sentinel-2-derived lake
dataset in 2020 to reduce errors of omission and commission; 3) topological validation of
glacial lake mapping, such as repeated removal, elimination of small sliver polygons; and 4)
logical check for lake types between two classification systems of glacial lakes. False lake
extents resulting from cloud or snow cover, lake ice, and topographic shadows_(Nie et al.,

2017, 2020)-Nie-et-al2020;Nieet-al-20614 and were modified using alternative images
acquired in adjacent years. Those procedures were time-consuming, but helped to minimize
the effect of cloud and snow covers, lake mapping errors, and to maximize the quality of the
produced lake product and the derived glacial lake changes.

4.3 Classification of glacial lakes

Two glacial lake classification systems (GLCS) have been established based on relationship
of interaction between glacial lakes and glaciers as well as lake formation mechanism and
dam material properties. In the first GLCS (GLCS1), glacial lakes were classified into four
types based on their spatial relationship to upstream glaciers: supraglacial,
proglaeialice-contact, unconnected-glacier-fed lakes, and non-glacier-fed lakes according to
Gardelle et al. (2011)-(2641) and Carrivick et al. (2013). Alternatively, combining the
formation mechanism of glacial lakes and the properties of natural dam features, glacial lakes
were classified into five categories (herein named GLCS2) modified from Yao’s classification
system (2018)-(2048): supraglacial, end-moraine--dammed, lateral-moraine--dammed,
glacial--erosion lakes and ice-bloeked-dammed lakes. Subglacial lakes were excluded due to
the mapping challengehmitation-in-spectralpropertiesof optical— from spectral satellite
images alone. Characterization and examples for each type are provided in Table 1Fable-1 and
Table 2Fable-2. Individual glacial lakes were categorized to the specific types for each GLCS
according to available glacier inventory data, geomorphological and spectral characteristics
interpreted from Landsat, Sentinel and Google Earth images. The synergy of these two
GLCSs is beneficial to predicting glacier-lake evolutions and providing fundamental data for
glacial lake disaster risk assessment.

Table 11. Classification system of glacial lake types according to the relationship between glacial lakes and
glaciers (© Google Earth 2019).

Lake types Characteristics Landsat Sentinel Google earth

Supraglacial |Lakes formed on the
surface of glaciers, i
generally dammed by ice

land thin debris.

Case location:
3523'49.74" N
76<13'53.88" E




302

Proglacialice-

contact

Lakes dammed by
moraine, ice or
bedrock, supplied by
glacial meltwater and
shared
boundaryeennected
with glaciers.

Case location:
39909'32.40" N
73943'12.00" E

Unconnected-
glacier-fed

Lakes currently supplied
by upstream glacial
meltwater but
disconnected with
glaciers.

Case location:
35947'60.00" N
72955'15.60" E

Non-glacier-f
ed

Lakes formed by
glaciology, dammed by
moraine or bed rock, and
currently not supplied by
glacial meltwater.

Case location:
3450'39.99" N
7448'29.31" E
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Table 22. Classification system of glacial lake types according to the formation mechanism of glacial lakes

and dam material

properties (© Google Earth 2019).

Lake types

Characteristics Landsat Sentinel Google earth

Supraglacial

Lakes formed on the
surface of glaciers,
generally dammed by ice
and thin debris.

ICase location:
3646'7.39" N
7420'7.59" E

End-moraine--dammed

Lakes formed behind
moraines as a result of
glacier retreat and
downwasting.

(Case location:
35242'50.40" N
73909'57.60" E

Lateral-
-moraine--dammed

Lakes formed behind
lateral glacial moraine
ridges and dammed by
debris, different from
lice-bleckedice-dammed
glacial lake.

(Case location:
3828'45.62" N
7520'52.30" E

Glacial--erosion

Lakes formed in
depressions created by
glacial over-deepening.
Bedrock dam dominates,
partially superimposed by
ltop moraine "in rugged
terrain. Dams are unclear
in the satellite images.
Case location:
35955'55.56" N
73<38'20.13" E

Ice-blecked-dammed

Lakes formed behind
glaciers, dammed by
glacier ices (partially
covered by debris on the

ltop).

ICase location:
3528'31.32" N
7730'46.81" E

4.4 Attributes of glacial lake data

Atotal of 17 attribute fields were input into our glacial lake datasets (-Table 3Table-3). They
include lake location (longitude and latitude), lake elevation (centroid elevation), orbital
number of the image source, image acquisition date, lake area, lake perimeter, lake types of

the two GLCSs
associated with

, mapping uncertainty, and the country, sub-basin, and mountain range
the lake. Amongst the attributes, lake location was calculated based on the

centroid of each glacial lake polygon associated with the DEM, N represents northing and E
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313 | represents easting. Orbital number of the image source was filled with the corresponding
314 | satellite image, with the codes expressed as “PxxxRxxx” or “Txxxxx”, where P and R

315 | indicate the path and row for Landsat image and T represents the tile of Sentinel image

316 | associated with 5 digits code of military grid reference system. Area and perimeter were

317 | automatically calculated based on glacial lake extents. Lake types were attributed using the
318 | characterization and interpretation marks described in Section 4.3. Mapping uncertainty was
319 | estimated using our modified equation which will be introduced in section 4.5 and

320 | supplementary-appendix tutorial. Located country, sub-basin and mountain range of each
321 | glacial lake was identified by overlapping the geographic boundaries of countries, basins and
322 | mountain ranges.

323 | Table 33. Classification system of glacial lake types according to the formation mechanism of glacial lakes
324 | and dam material properties.

Field Name Type Description Note

FID or Object ID | Unique code of glacial lake Number

OBJECTID

Shape Geometry | Feature type of glacial lake Polygon

Latitude String Latitude of the centroid of glacial lake Degree minute second
polygon

Longitude String Longitude of the centroid of glacial lake Degree minute second
polygon

Elevation Double Altitude of the centroid of glacial lake Unit: meter above sea level
polygon

IMGSOURCE | String Path and row numbers for Landsat image PXXXRXXX OF TXXXXX

based on World Reference System 2 or Tile
number for Sentinel image based on military

grid reference system

ACQDATE String Acquisition date of source image YYYYMMDD

GLCS1 String The first classification system of glacial lakes | Supraglacial,
based on relationship of interaction between Preglaciallce-contact,
glacial lakes and glaciers Unconnected-glacier-fed,

None-glacier-fed

GLCS2 String The second classification system of glacial Supraglacial,

lakes based on lake formation mechanism and | End-moraine-dammed,

12



325
326

327
328
329
330
331
332
333
334
335

336

337

338
339
340
341
342

Field Name Type Description Note

dam material properties Lateral-moraine-dammed,
Glacial-
eresienGlacial-erosion and

lee-blockedlce-dammed

Basin String Basin name where glacial lake locates in

Mountains String Mountain name where glacial lake locates in

Country String Country name where glacial lake locates in

Perimeter Double Perimeter of glacial lake boundary Unit: meter

Area Double Area of glacial lake coverage Unit: square meter

Uncertainty Double Uncertainty of glacial lake mapping estimated | Unit: square meter

based on modified Hanshaw’s equation

(2014).
Operator String Operator of glacial lake dataset Muchu, Lesi
Examiner String Examiner of glacial lake dataset Yong, Nie

4.5 Improved uncertainty estimating method

We modified Hanshaw’s_(2014){2014} equation that had been used to calculate lake-area
mapping uncertainty. Lake perimeter and displacement error are widely used to estimate the
uncertainty of glacier and lake mapping from satellite observation (Carrivick and Quincey,
2014; Hanshaw and Bookhagen, 2014; Wanq et al., 2020)—6V\lanq—et—al—2920—lz|—et—al—2929—
. Hanshaw and
Bookhagen (2014)—6204:4& proposed an equatlon to calculate the error of area measurement by
the number of edge pixels of the lake boundary multiplied by half of a single pixel area. The
number of edge pixels is simply calculated by the perimeter divided by the grid size. The
equation is expressed as below:

2
Error(10) = £ X 0.6872 x> _ )

Error(1o)

D= x 100% (3)

Where G is the cell size of the remote sensing imagery (10 m for Sentinel-2 image and 30 m
for Landsat image). P is the perimeter of individual glacial lake (m), and the revised
coefficient of 0.6872 was chosen assuming that area measurement errors follow a Gaussian
distribution. Relative error (D) was calculated by equation 3, in which A is the area of an
individual glacial lake.
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The total number of repeatedly calculated edge pixels equals the number of inner nodes. Therefore, we
uncertainty estimation for lake mapping is modified as below:

2
Error(16) = (7 — Nyinner) X 0.6872 X = 4)

Where Njner 1S the number of inner nodes (inflection points) of each lake. The modified
equation is also suitable for lakes with islands (as illustrated in Figure 3b).
For polygons without islands (Figure S3a), use the following equation:

Nrotal—4—1
Niinner = (%) (5)

Nrotar 1S the total number of nodes, including both the outer and inner. Nyp,:q; Were
calculated by the “Field Calculator” in ArcGIS, in some cases, it is necessary to remove the
redundant nodes before calculating the total number of nodes (See the Supplement for more
details). An inner node is a polygon vertex where the interior angle surrounding it is greater
than 180 degrees. An outer node is the opposite of the inner node, where the interior angle is
less than 180 degrees. We found that the outer nodes are usually four more than the inner
nodes in our glacial lake dataset. The total nodes in ArcGIS contain one overlapping node to
close the polygon, meaning the endpoint is also the startpoint. This extra count was deleted in
the calculation (equation 5).

For polygons with island (Figure S3b) use the following equation:

Nlénner — (NTotal (NI;sland"'l)x ) (6)

Niisiana 1S the number of islands within each polygon. A calculation method of Njigiana 1S
given in the Supplement.

M Lake Non-water pixel e Inner node
Edge pixel X Double counted pixel Lake boundary

Figure 33. Sketch of estimating the actual edge pixels for uncertainty calculation of individual glacial lake
(with and without islands).
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Figure 44. Relationships between individual lake size and its estimated relative error for glacial lakes of all

15



374
375
376
377
378
379
380
381
382
383
384
385
386

387

388

389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410

or specific size ranges in study area. Error estimation is based on the modified equation and lake data
extracted from Landsat (a-d) and Sentinel images (e-h).

The uncertainty estimated from our improved equation shows that the relative error of
individual glacial lake decreases when lake size increases or cell size of remote sensing
images reduces_(Lyons et al., 2013; Carrivick and Quincey, 2014)-({Lyonsetal 2013+
Carrivick-and-Quineey 2034 yensetal 2013} (F |gure Flgmelf) Total area error of
glacial lakes in study area is approximate +14.98 km? and #8.45 km? in 2020 for Landsat and
Sentinel images, respectively, and the average relative error is #17.36% and 8.15%.
Generally, small lakes have greater relative errors. For example, the mean relative error is
35.38% for Landsat derived glacial lakes between 0.0045 and 0.1 km? and 10.63% for glacial
lakes greater than 0.1 km?. The mean area error of Sentinel-derived glacial lakes is almost
one sixth of that extracted from Landsat images for glacial lakes of all or specific size group.

5 Results

5.1 Glacier lake distribution and changes observed from Landsat

We mapped 2,234 glacial lakes for 2020 across the studied CPEC from Landsat-8 images,
with a total area of 86.31+14.98 km? (Figure 5Figure-5a and b). The majority of these glacial
lakes (1,870 or 83.71%) are smaller than 0.05 km? and contribute 36.5% of the total area. 45
(2.01%) of the lakes are larger than 0.2 km? and contribute 28.8% of the total area (Figure
6Figure-8). With the increase of lake size, the abundance (count) of glacial lakes consistently
decreases but the total lake area first reduces and then increases. Unconnected-glacier-fed
lakes are dominant in the first classification system, followed by non-glacier-fed lakes
(Figure 7Figure-7) whereas glactal-erosionglacial-erosion lakes dominate at both number
(1478) and area (57.02 km?) in the second classification system (Figure 8Figure-8), followed
by end-meraine-dammedend-moraine-dammed lakes and supraglacial lakes. Among the
classified lakes, 137 are proglaciatice-contact lakes and cover an area of 5.56 km?, implying a
higher mean size of preglacier-ice-contact lakes than supraglacial lakes.

Glacial lakes are spatially heterogeneous among various mountain ranges and basins in the
study area. Himalaya sub-region has the maximum glacier lake count and area across the
entire study area, followed by Hindu Kush. Supraglacial lakes are mainly distributed in the
Karakoram but they cover less area than those in the Pamir. Tien Shan has fewer glacial lakes.
Astor, Gilgit and Shingo basins have the largest percentages of glacier lakes in both number
and area (>17%) (Figure 9Figure-9a), and each of the other basins contributes less than 10%
except Kashgar basin in area due to several large ancient glacial lakes. Glacial lakes of less
than 0.05 km? dominate in number within each basin and the total number decreases as lake
size increases. Small lakes consistently account for the maximum percentage in area except
Kashgar basin as a result of the disproportionally large lakes.
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413 | Figure 55. Distribution of glacial lakes in 2020 extracted from Landsat (a, b) and Sentinel (c, d) images.
414 | Panels a and b-c are classified by GLCS1, and GLCS2 for sub-graph €-b and d.
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417 | Figure 66. Statistics of different sizes of glacial lakes in the study area from 1990 to 2020. Panels a and b
418 | were derived from Landsat and Sentinel images, respectively.
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Number

Lake Type

I Proglacial

B0 Supraglacial

[ Unconnected-glacier-fed
B Non-glacier-fed

Year
2154 (85.10+14.66 km?) in 1990
—2184 (86.10+14.83 km?) in 2000
2234 (86.31£14.98 km?) in 2020

Number

Lake Type

B0 lce-contact

B0 Supraglacial

7 Unconnected-glacier-fed
B Non-glacier-fed

Year
2154 (85.10£14.66 km?) in 1990
—2184 (86.10+£14.83 km?) in 2000
N—2234 (86.31+£14.98 km?) in 2020

Figure 77. Number and area of different types of glacial lakes classified based on the condition of glacier
supply in the study area. The outermost ring represents glacial lake data in 2020, middle ring for 2000 and
innermost ring for 1990. Lake number and area in 2020 were selected as reference, meaning a concept of

"100 %" for a complete ring. Labeled values are scaled in degrees rather the radius of rings.

Number

Lake Type
End-moraine-dammed
Supraglacial

Ice-dammed
Glacial-erosion
Lateral-moraine-dammed

Year

—2184 (86.10+14.83 km?) in 2000
“—2234 (86.31+14.98 km?) in 2020
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Year
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Figure 88. Number and area of different types of glacial lakes classified based on glaciation
and nature of dam in the study area. The outermost ring represents glacial lake data in 2020,
middle ring for 2000 and innermost ring for 1990. Lake number and area in 2020 were
selected as reference, meaning a concept of 100 %" for a complete ring. Labeled values are
scaled in degrees rather the radius of rings.
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Figure 99. Distributions and changes in count and area of glacial lakes. Percent of glacial lakes in number
or area is labeled in each basin. Pie charts present the number of glacial lakes at various size groups
between basins (a and c) and bar charts represent total area of glacial lakes at different size groups in each
basin (b and d). The background colors represent changes in total number and area between 1990 and 2020
based on Landsat derived dataset (a and b) and distribution of Sentinel derived glacial lakes in 2020 among
basins are shown in sub-graphs ¢ and d.

The total number and area of glacial lakes in the study remain relatively stable with a slight
increase between 1990 and 2020, and the changes in count and area among various types of

glacial lakes vary substantially (Figure 7Figure7 and Figure 8Figure-8). From 1990 to 2020,
the total number of glacial lakes increased by 80 or 3.70%, while the area grew by 1.21 km?

(or 1.42%)while the-area-grew-by-a-less-extent(1-21 km” or1-42%). Small lakes (<0.05 km?)

continuously increased in number and area, and contributed most in the total lake expansion
(Figure 6Figure-6). Lakes in the size group of 0.05-0.1 km? remained stable. The total area of
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lakes greater than 0.1 km? consistently increased.

In the-GLCS1, unconnected-glacier-fed lakes have the largest increase in number, followed
by preglaeialice-contact and non-glacier-fed lakes, whereas supraglacial lakes decreased by
62 in count. Proglaciallce-contact lakes expanded by 1.24 km? (equaling an increase of 26%
in proglaciatice-contact lakes), contributed one third of the total area increase. Supraglacial
lakes decreased by 0.85 km? in area whereas the areas of unconnected-glacier-fed and
non-glacier-fed lakes remained stable as a result of disconnections from glaciers (Figure
THigure).

In the-GLCS2, end-moraine-dammedend-moraine-dammed lakes increased by 2.48 km?
and contributed most of the glacier lake area expansion, whereas supraglacial,
ee-bleckedice-dammed and lateral--moraine-dammed lakes decreased slightly in both
number and area. Glacial-erestonGlacial-erosion lakes accounted for the maximum
percentage (about 66% for both count and area) in each time period and remained stable
(Figure 8Figure-8).

Spatially, glacial lake changes in number and area vary among different mountain ranges
and basins between 1990 and 2020 in the study area. Glacial lakes across the west Himalaya
and Hindu Kush increased both in number and area between 1990 and 2020 whereas the total
number of glacial lakes decreased in the Karakoram, Pamir and Tien Shan of study area
(Table 4Fable-4). The total area of glacial lakes continued to increase in the Hindu Kush, but
decreased between 1990 and 2000 and increased between 2000 and 2020 in the Himalaya.
The total number of glacial lakes continuously decreased in the Pamir and Tien Shan in the
past three decades but increased at the first stage and decreased after in the Karakoram. The
total area of glacial lakes persistently grew in the Pamir whereas fluctuated in the Tien Shan
and Karakoram.

The total numbers of glacial lakes in Shingo, Shigar and Shyok basins were stable (Figure
9Figure-9a and b); however, the areal changes were less so, including being-a stable trend for
Shingo, decreasing for Shigar, and increasing for Shyok. The total number of glacial lakes
increased in the basins of Astor, Gilgit and Taxkorgan, whereas the total area of glacial lakes
remained stable in Astor and Gilgit basins and decreased in Taxkorgan basin. The total
numbers of lakes in Kashgar and Hunza basins decreased, whereas the total area of glacial
lakes remained stable in Kashgar and increased in the Hunza basin.

Table 44. Distributions in count and area (km?) of glacial lakes among mountain ranges within the study area.

Source and year  Tien Shan Karakoram Pamir Hindu Kush Himalaya Total

Landsatin 1090  10(0.12) 370 (11.11) 178(13.73) 780(28.33) 816(31.81) 2154 (85.10)
Landsat in 2000 7(0.11) 393 (11.76) 163 (13.96) 792 (28.50) 829 (31.77) 2184 (86.10)
Landsat in 2020 5(0.17) 334(10.10) 182 (14.14) 835(29.25) 878(32.65) 2234 (86.31)
Sentinel in 2020% 11 (0.21) 479 (11.69) 262 (15.71) 880 (34.96) 959 (33.39) 2591 (95.96)

*Note: Glacial lake greater than 4500 m? are calculated for Sentinel-2 derived dataset in order to be in line with Landsat
derived dataset.

5.2 Glacier lake distribution observed from Sentinel-2

Sentinel-derived results shows that there are 7,560 glacial lakes (103.7048.45 km?) in 2020
across the entire CPEC (Table 5Fable-5) under a minimum mapping unit of 5 pixels (500 m?).
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Similar to the pattern from Landsat mapping, the lake abundance extracted from Sentinel
images is inversely related to lake size (following a typical Pareto distribution). The smallest
size class (0.0005-0.0045 km?) contains the maximum lake count (4,969) but the least lake
area (7.7322.62 km?) (Table 5Fable-5), which is not available in the Landsat-derived lake data
due to a coarser spatial resolution. In each size class, there are also a higher number of larger
glacial lakes from Sentinel than that from Landsat images. The discrepancy is mainly
attributed to the inconsistency of spatial resolutions and image acquisition dates-ane-spatial-
resolutions.

Table 55. Count and area of glacial lakes mapped from Sentinel and Landsat images in 2020 between
various size classes

Lake size Glacial lakes from Sentinel Glacial lakes from Landsat Overlap
km? count (km?) count (km?) % (%)
0.0005-0.0045 4969 (7.73+2.62) — —
0.0045-0.05 2182 (35.5243.72) 1870 (31.4749.57) 85.70 (88.60)
0.05-0.1 237 (16.3740.89) 204 (14.07+2.18) 86.08 (85.95)
0.1-0.2 122 (16.88+0.68) 115 (15.91H.83) 94.26 (94.25)
=0.2 50 (27.2040.54) 45 (24.86+1.40) 90.00 (91.40)
Total 7560 (103.7048.45) 2234 (86.31+14.98) -

Compared with our Landsat-based product, glacial lakes from Sentinel-2 have similar
distribution characteristics (Figure 9Figure-9c¢ and d) among mountain ranges, basins, types
and altitudinal locations (Figure 10Figure-10); meanwhile, a larger quantity of glacier lakes, with
more accurate boundaries and a greater total lake area, were generated from Sentinel-2 images. Taking
altitudinal distribution for example, the number and size of glacial lakes in the study area appear follow a
normal distribution against elevation for both Sentinel-2 and Landsat derived products (Figure 10Figure-
10). The elevation of all glacial lakes mapped in 2020 based on Sentinel-2 images ranged from 2500 m to
5750 m (a.s.l.), with 89.58% between 3600 m and 5100 m and a mean altitude of 4421 m. The peak
number appears between 4500 m and 4550 m whereas the maximum area emerges between 4250 m and
4300 m. The anomalously large area between 3600 and 3650 m shows up in Fig. 10b because of several
cisproportionaty-large lakes. Although Landsat derived lakes show a similar distribution pattern to
Sentinel derived lakes, the lake count and area in each altitudinal band are greater in the Sentinel product
due to the improved spatial resolution and image quality.
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Figure 1040. Altitudinal distribution of glacial lakes in 2020 derived from Landsat (a) and Sentinel images

(b)

6 Discussions

6.1 Comparison of Sentinel-2 and Landsat derived products

Glacial lakes from Landsat and Sentinel images have a high consistency in number and area
with overlap rates from 85.7% to 94.26% for all lakes greater than 0.0045 km? approximately
(Table 5Fable-5), implying a good potential for coordinated utility with Landsat archived
observation (Figure 11Figure-11). Lake extents extracted from Landsat and Sentinel images
match well for various types and sizes (Table 4Fable-4). The best consistency rate reaches 94%
for the glacial lakes between 0.1 km? and 0.2 km?. The difference in area of glacial lakes
extracted from Landsat and Sentinel images generally lies within the uncertainty ranges.

The high consistency of Sentinel-2 and Landsat derived glacial lake products in 2020
assuresimproves— the value of our lake dataset. Taking the usage in assessingthe-assessment
of GLOFs as an example, we set 0.05 km? as the area threshold to select object lakes,
including ice-contact lakes and ice-dammed lakes that are the most active lakes and source
lakes of GLOFs in the CPEC (Nie et al., 2021). A total of 24 and 29 ice-contact lakes were
selected from Landsat and Sentinel-derived productsdataset, respectively. Among them, there
were 4 ice-dammed lakes from the Landsat-derived productdataset; and 5 from the
Sentinel-derived productdataset. AH-tTheese selected lakes can be used for GLOFs hazard
evaluation. Because of the high consistency between our Landsat and Sentinel-based
mappings, Yusers may have the flexibility are-able-to customizeset theirown-the lake size
criteria to facilitate their specific purposeste-select-objectlakesand-benefitalotfromour
dataset.
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Figure 1111, High consistency of lake extents extracted from Landsat and Sentinel images. Lake types
shown include supraglacial (a), glacier-fed moraine-dammed (b), unconnected glacial-
erosionglacial-erosion lake without glacier melt supply (c) and glacier-fed moraine-dammed (d).

Spatial resolution of satellite images plays a primary role in the discrepancies in count and
area of glacial lakes extracted from Landsat (30 m) and Sentinel (10 m) observations. Due to
a finer spatial resolution, Sentinel images can extract more glacial lakes and more accurate
extents than those from Landsat images. We set the same 5 pixels as the minimum mapping
unit for both Landsat and Sentinel images, which corresponds to a minimum area of 0.0045
km? and 0.0005 km?, respectively. The minimum mapping area results in generating nearly
5000 more lakes from Sentinel images than from Landsat images, causing the greatest
discrepancy in number of the two glacial lake products (Table 5Fable-5), such as Figure
12Figure-12a. Small lakes; such asferexample supraglacial lakes play an important role in
understanding glaetermeltwater runoff-surface-melting; and supraglacial drainage systems-
glacierand-lake-evolutions—and-cryospheric-hydrology (Liu and Mayer, 2015; Miles et al.,
2018). Our dataset can be used not only for GLOFs evaluation, but also for glacial lake
evolution simulation and glacio-hydrological prediction. Meanwhile, Sentinel images are able
to depict boundaries of glacial lake with a lower uncertainty (Figure 12Figure-12b-d). For
example, some small islands and narrow channels (Figure 12Figure-12b and c) were mapped
from Sentinel imagery that are-were unable to be detected in Landsat imagery.

Different acquisition dates between Sentinel and Landsat images also contribute to the
discrepancy of those two glacial lake datasets. Acquiring same-day images from the two
sensors were not always possible due to the impacts of cloud contaminations, topographic
shadows, snow cover and revisit periods_(Williamson et al., 2018; Paul et al., 2020)-
Witliamsen-et-al2018;-Paul-et-al;-2020). Glacial lakes are changing temporally in the
context of climate and glacier changes, taking supraglacial lakes for example that evolve
dramatically in a short period (Figure 12Figure-12e). Despite our efforts of leveraging all
available high-quality images, the overlap of acquisition dates between Landsat and Sentinel
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images for the same location is relatively low_(only 7 scenes of Sentinel images or 112 glacial
lakes in 2020) in this study area, and the consequential temporal gaps led to a difference in
the number and area of the derived glacial lakes.

Displacement between images also resulted in a certain degree of discrepancy between
Landsat and Sentinel derived glacial lakes. All images used in this study have been
orthorectified_before download, but we still find that a-fewone Sentinel images were-was not
well matched with Landsat images, leading to the discrepancy between the two glacial lake
datasets (Figure 12Figure-12f). We manually georeferenced the shifted images to minimize
the difference between Sentinel and Landsat derived glacial lakes (Figure 12Figure-12f).
Original geo-referencing accuracy is approximatelyappreximate half of one pixel for Landsat
and Sentinel image, and this displacement likely contributes a minor error to glacial lake
changes at various time periods. Although we could not eliminate this intrinsic error, the error
has been considered in the uncertainty assessment of our glacial lake mapping.

Landsat Sentinel Landsat

Sentinel

£ Glacial lake derived from Landsat £/ Glacial lake derived from Sentinel
Figure 1212, Discrepancy of lake extents extracted from Landsat and Sentinel images.

6.2 Comparison with other datasets

Glacial lake datasets play a fundamental role in GLOF risk evaluation, glacier change
prediction, and water resource availability. An increasing number of glacier lake datasets
have been released over the past years, and most of them were produced from long-term
Landsat archives. Glaeial-Regional glacial lake datasets using Sentinel images are se-scarce._
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Lack of Sentinel-derived glacial lake dataset in the study area makes it impossible to compare:
hat-we-are tnable to-compare ourproduct with-otherexisting-onesn-the-study-area. Here we
selected four available glacial lake datasets to compare with our Landsat-derived dataset.

Our study provides the latest glacial lake dataset (in 2020) and the most long-term Landsat
observation (1990 to 2020) for this study, with a range of critical attributes including two
types of classification systems. Within the same study area, our 2020 glacial lakes appear to
be closest to the 2018 dataset produced by Wang et al_(2020){2020}, with the highest overlap
of greater than 74% in both number and area (Table 6Fable-6). In Wang et al. (2020)(2626) ,
the minimum mapping unit is 6 pixels so their dataset has a smaller lake quantity. However,
their dataset contains all lakes within 10 km of glacier boundaries, including many large
landslide-dammed lakes that are excluded in our glacial lake mapping. As a result, their total
glacier lake area is greater than ours. The overlapping rates between Wang’s glacial lakes_
(2020)-(2620} in 1990 and ours are more than 69% in both number and area. However, their
results show a distinct increase of glacial lakes in number and area between 1990 and 2018_
(Wang et al., 2020)-(Wang-et-al—2020) whereas our data show a more stable change between
1990 and 2020. One possible reason is that manually delineating glacial lakes twice by
different operators during Wang’s lake mapping_(2020)-(20206) exacerbates the errors of
mapping. Another reason is that their data contains landslide-dammed lakes that fluctuate
greatly with time and expanded recently. One example is the Attabad Lake (Located at
3618'22.33"N, 7449'34.36"E).

Table 66. Comparison of different glacial lake datasets sourced from Landsat images in the study area.

Acquisition Method MMU Count Overlap Reference

year (period) m? (pixels)  (km?) % (%)

1990 (1988-1993)  Manual 5400 (6) 1720 (89.68413.69)  69.17 (76.33)  Wang et al., 2020
1990 (1990-1999)  Automated 50000 (55) 145 (20.28) 6.27 (21.66)  Shugar et al., 2020
1990 (1989-1992)  Manual 2700 (3) 622 (51.93+10.15) 27.72(39.94)  Zhangetal., 2015
1990 (1989-1994)  Automated-&Manual 4500 (5) 2154 (85.10414.66)  — This study

2000 (1999-2001) Manual 2700 (3) 724 (61.41411.91) 31.91 (46.97)  Zhangetal., 2015
2000 (2000-2004)  Automated 50000 (55) 155 (22.35) 6.78 (23.72)  Shugar et al., 2020
2008 Automated & Manual 8100 (9) 1067 (65.45) 4414 (53.58)  Chenetal., 2021
2000 (1996-2004)  Automated-& Manual 4500 (5) 2184 (86.10414.83)  — This study

2018 (2017-2018) Manual 5400 (6) 1956 (102.46415.48)  74.57 (85.63)  Wang et al., 2020
2015 (2015-2018)  Automated 50000 (55) 148 (21.45) 6.27 (22.97)  Shugar et al., 2020
2017 Automated & Manual 8100 (9) 1063 (63.23) 45.21 (57.78)  Chenetal., 2021
2020 (2016-2020) Automated-& Manual 4500 (5) 2234 (86.31414.98)  — This study

Note: MMU represents minimum mapping units.

The second highest overlapping rate is approximate 55% in area with Chen’s data in 2008
and 2017 (Chen et al., 2021){Chen-etal;-2021). However, the overlapping rate in number is
nearly 45% due to their larger minimum mapping unit (9 pixels). Similarly, a minimum
mapping unit of 55 pixels (50000 m?) in Shugar et al.’s, dataset (2020)+2020} led to the
lowest overlap with less than 24% in area. The dataset from Zhang et al. (2015)

{2015) - Zhang’s-dataset-shows fewer glacial lakes in 1990 and 2000 even with a smaller
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minimum mapping unit of 3 pixels{Zhangetal2015). By inspecting their dataset, we
attributed this anomalous discrepancy to a range of glacial lakes that were missinged due to
lack of thorough cross-check quality assurance and the limit of a 10-km buffer zone from
glaciers during their manual delineation-as-a-result-efinsutficient-high-gquatity-Hnagesin-the-
earhierLandsat-era. Our Landsat derived glacial lake dataset has been visually cross-checked
over three time periods after the step of object-based automated lake mapping, and also been
visually validated by Sentinel-2 derived glacial lakes. Through this series of quality assurance,
we aim at delivering one of the most reliable multi-decadal glacial lake products for this

study area.

Other factors, such as minimum mapping units, definition of glacial lakes and study areas,
image quality and acquisition dates, mapping methods and quality assurance workflow, might
also lead to the discrepancies between the glacial lake datasets. Despite such discrepancies,
an increasing number of publically-shared datasets benefit potential users to select the most
suitable one for their objectives. Herein, we provide an up-to-date glacial lake dataset derived
from both Landsat and Sentinel observations, which further increased the
availabilityeptienality of glacial lake datasets promeoted-the-capacity-offor GLOFs risk
assessment, and-predicting glacier evolutions_(Carrivick et al., 2020) cryosphere-hydrological
changes in the context of climate change.

6.3 Limitation and updating plan

We would like to acknowledge several limitations of our glacier lake dataset, largely due the
availability of high quality satellite images in the study area and inadequate field survey data_
(Wang et al., 2020; Chen et al., 2021)-{fWang-etal—2020;-Chen-etal—2021). First, it is
unlikely to collect enough good-quality images within one calendar year for the entire study
area due to high possibility of cloud or snow covers. Even though the capacity of repeat

observationsEven-though-an-capacity-of repetitive-observations for Landsat-8 OLI and
Sentinel-2 mcreased (Roy et al., 2014; Williamson et al., 2018; Wulder et al., 2019; Paul et

al., 2020)-(Aitha . .
the 2020 glacial lake dataset has to employ images acquwed in other years beS|des 2020
Most images used from Landsat and Sentinel platforms were imaged in autumn, and some
images taken between April and July and in November also were employed. Distribution and
changes in glacial lakes primarily represent the characteristics between August and October.
Glacial lakes evolve with time and space_(Nie et al., 2017){Nie-et-al-2017}, and subtle inter-

and intra-annual changes_(Liu et al., 2020)-{tiu-et-ak-2020) for each time periodin-glacial-
take-dataset-of each-time-peried were ignored. Second, field investigation data are limited due

to low accessibility of high mountain environment in the study area, which restrained the
accuracy in classifying the glacial lake types. Although very high-resolution Google Earth
images were utilized to assist in lake type interpretation, occasional misclassification was
inevitable. We implemented two types of classification systems based on a careful utilization
of glacier data, DEM, geomorphological features and expert knowledge. However, the lack of
in situ survey prohibited a thorough validation of the glacial lake types.
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7 Data availability

Our glacial lake dataset extracted from Sentinel-2 images in 2020 and Landsat observation
between 1990 and 2020 are available online via the Mountain Science Data Center, the
Institute of Mountain Hazards and Environment, the Chinese Academy of Sciences at
https://doi.org/10.12380/Glaci.msdc.000001_(Lesi et al., 2022)-{tesi-et-al2622)}. The glacial
lake dataset is provided in both ESRI shapefile format (total size of 22.6 MB) and the
Geopackage format (version 1.2.1) with a total size of 9.2MB, which can be opened and
further processed by open-source geographic information system software such as QGIS. The
glacial lake dataset will be updated using newly collected Landsat and Sentinel images at a
five-year interval or modified according to user feedbacks. The updated glacial lake dataset
will continue to be released freely and publicly on the Mountain Science Data Center sharing
platform.

8 Conclusions

Glacial lake inventories of the entire China-Pakistan Economic Corridor in 2020 were
completed based on Landsat and Sentinel-2 images using a human-interactive and
semi-automated mapping method. Both Landsat and Sentinel derived glacial lake datasets
show similar characteristics in spatial distribution and in the statistics of count and area. By
contrast, glacial lake dataset derived from Sentinel-2 images with a spatial resolution of 10 m
has a lower mapping error and more accurate lake boundary than those from 30 m spatial
resolution Landsat images whereas Landsat imagery is more suitable to analyze
spatial-temporal changes at a longer time scalespatial-temporal-changes-at-longer-time-seale
due to its long-term archived observationsebservation at a consistent spatial resolution of 30
m startingstarted from around 1990.

Glacial lakes in the study area remain relatively stable with a slight increase in number and
area between 1990 and 2020 according to Landsat observations. Our dataset reveals that 2154
glacial lakes in 1990 covering 85.1+ 14.66km? increased to 2234 lakes with a total area of
86.31+14.98km?. The same mapping method and rigorous workflow of quality assurance
and quality control used in this study reduced the error in multi-temporal changes of glacial
lakes.

The Hanshaw’s error estimation method for automated lake mapping was improved by
removing repeatedly calculated edge pixels that vary with lake shape. Therefore, the newly
proposed method reduces the estimated value of uncertainty from satellite observations.

Our glacial lake dataset contains a range of critical parameters that maximize their
potential utility for GLOFs risk evaluation, cryosphere-hydrological and glacier-lake
evolution projection. The dual classification systems of glacial lake types were developed and
are very likely to attract broader researchers and scientists to use our datasets. In comparison
with other existing glacial lake datasets, our products were created through a thorough
consideration of lake types, cross checks and rigorous quality assurance, and will be updated
and released continuously in the data center of mountain science. As such, we expect that our
glacial lake dataset will have significant value to vatuesfer-cryospheric-hydrology research,
the assessment of glacier-related hazards and engineering project construction in the CPEC.
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Appendix
Tutorial for Improved Uncertainty Estimating Method

The Hanshaw’s equation was originally proposed for pixelated polygons (such as a polygon directly
extracted from a remote sensing image), and performed more robustly than manually digitized polygons
(where vertices do not necessarily follow the pixel edges). Our improved method also performs better for
pixelated polygons. This tutorial is dedicated to helping implement our improved uncertainty estimation
method.

Procedure of uncertainty estimating method (using ArcGIS for example)
1. Removing redundant nodes (optional)
We found that a small proportion (~1%) of the pixelated lake polygons (directly extracted from satellite
images) have redundant nodes, which affects the value of inner nodes. If no redundant nodes exist, this
step can be skipped. Or, we recommend using the “Simplify Polygon” tool in ArcGIS to remove those
nodes (Figure AlFigure S1).
In the Simplify Polygon panel

Input your dataset.

Set the output path and output file name.

Choose the simplification algorithm. We recommended “POINT REMOVE”.

Set the tolerance of simplification algorithm. In this step, we need to ensure that the polygon
boundaries remain unchanged after deleting redundant nodes. Generally, a tolerance of 1 meter will suffice,
or you can adjust the threshold until your satisfaction.

#., Simplify Polygon - a X

© Input Features 0 Keep collapsed points (optional)
| =l

® Output Feature Elassg

Specifies whether to create an output point feature class to store the centers of polygons that
T are removed because they are smaller than the Minimum area parameter. The point output is
derived,; it will use the same name and location as the Output feature class parameter but

Simplification Algorithm with a _Pnt suffix

FOLNT_REMOVE 9 v

Simplification Tolerance » Checked—Record the centers of polygons that are removed because they are below
o | 1| Meters v the minimum area in a derived output point feature class. This is the default

Mininum Area (optional) § « Unchecked—Do not create a derived output point feature class.
0| |Square Meters v

Handling Topological Errors (optional)
RESOLVE_ERRORS

[JKeap collapsed points (optional)

Input Barriers Layers (optional)

I El

« =+ x [+ [{]

[Cox ] cancel  Enviomments...| <<tiderep Tool Help

Figure Al. Input and option for Simplify Polygon in ArcGIS.Figure-S1 Input-and—optionfor Simplify
Polygonin AreGIS:

2. Calculating the total number of nodes using ArcGIS (Figure AFigure-S22):
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Add a new field in the attribute table of dataset.
Open Field Calculator.

Switch the parser to python mode, and enter the following code “!shape.pointcount!” in the blue box
to calculate the total number of nodes for each glacial lake boundary.

Field Calculator X
Parser
(O vB Script (® Python
Fields: Type: Functions:
FID Al .conjugate() A
Shape @ Muwber .denominator()
- .imag()
OBIECTID O sting .numerator()
IMGSOURCE real()
NDWI_T oL .?rs;_r:‘nht:far_rauoo
Type2 ‘hex()
Type Jis_integer()
ACQDATE math.acos()
0 math.acosh()
Shape_Leng - math.asin() v
[[]5how Codeblock ~InininialE
Check =
I!shape.pointcount! I
About calculating fields Clear Load... r—
OK Cancel

Figure SA22. Total node calculation in ArcGIS.

3. Calculating the number of inner nodes:

For polygons without islands (Figure AFigure-S33), use the equation 5. An inner node is a polygon vertex
where the interior angle surrounding it is greater than 180 degrees. An outer node is the opposite of the
inner node, where the interior angle is less than 180 degrees. We found that the outer nodes are usually four
more than the inner nodes in our glacial lake dataset. The total nodes in ArcGIS contain one overlapping
node to close the polygon, meaning the endpoint is also the startpoint. This extra count was deleted in the
calculation (equation 5).
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986

987 | Figure SA33. Sketch of outer and inner nodes of various glacial lakes without island.

988

989 | For polygons with island (Figure AFigure-S44) use the equation 6.

990

o Quter node
o Inner node
Lake boundary
M Lake
Non-water pixel

991

992 | Figure S4A4. Sketch of outer and inner nodes for glacial lake with island.

993

994 | We further specify the steps below to help implement equation 6.

995

996 | Sept 1: detect the number of islands within each polygon.

997 Convert the initial lake polygon to polyline using the “Feature To Line” tool (Figure AFigure-S55).
#, Feature To Line - ] x
® Tnput rffkw.s Feature To Line

) e = Creates a feature class containing lines generated by converting polygon boundaries to lines,
o+ or splitting line, polygon, or both features at their intersections.
x
f LINE INPUT . ouTPUT
- S
t< -
% Output Festure Class
pcly“ne | E POLYGON INPUT ouTPUT
XY Tolerance (optional)
[APreserve atiributes {optional) 1 . : * a
5/ > /1
998 [ox ]| comcel | |Enionments... || <<rideriel Tool Help
999 | Figure SA55. Feature To Line tool in ArcGIS
1000
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Convert the polyline to generate a new polygon (Figure AFigure-S66).

“., Feature To Polygon

® Input Features

[~ polyline

% Output Festure Class
[ new polygon

L
« =+ x + @

a
:

XY Tolerance (optional)

Meters

[ Preserve attributes {optional)

Label Features (optional)

[ox ]| cace | |Envwonments...

<< Hide Help

Feature To Polygon

Creates a feature class containing polygons generated from areas enclosed by input line or

polygon features.

LINE INPUT

outPuT

POLYGOM INPUT

)
.

ouTPyT

M

LINE AND POLYGON INPUTS

B

ouTPyT

D

Figure SA66. Feature To Polygon tool in ArcGIS

Erase the new polygon by the initial polygon, which outputs the islands. Then we can count how

many islands there are in each lake (Figure AFigure-S7#7).

, brase

® Input Features

= El

new polygon
@ Erase Features
[ inttial polygon

@ Output Feature Clase

= E

[ polygen of island

\

XY Telerancs (optional)
Meters

o] o

~

<< Hide Help

Erase

Creates a feature class by overlaying the Input Features with the polygons of the Erase
Features. Only those portions of the input features falling outside the erase features outside
boundaries are copied to the output feature class.

INPUT

e

ERASE FEATURE

||

¥

ouTPUT

\

Tool Help

Figure SAZ7. Erase tool in ArcGIS.

Step 2: calculate the number of inner nodes for each polygon with island using equation 6.

4. Calculating the uncertainty of lake mapping using equation 4.
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