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Abstract: The China–Pakistan Economic Corridor (CPEC), a key hub for trade, is susceptible to glacial
lake outburst floods. The distributions and types of glacial lakes in the CPEC are not well documented.
In this study, cloud-free imagery acquired using the Landsat 8 Operational Land Imager during
2016–2018 was used to delineate the extent of glacial lakes in the mountainous terrain of the CPEC.
In the study domain, 1341 glacial lakes (size ≥ 0.01 km2) with a total area of 109.76 ± 9.82 km2 were
delineated through the normalized difference water index threshold method, slope analysis, and
a manual rectification process. On the basis of the formation mechanisms and characteristics of
glacial lakes, four major classes and eight subclasses of lakes were identified. In all, 492 blocked lakes
(162 end moraine-dammed lakes, 17 lateral moraine-dammed lakes, 312 other moraine-dammed
lakes, and 1 ice-blocked lake), 723 erosion lakes (123 cirque lakes and 600 other erosion lakes), 86
supraglacial lakes, and 40 other glacial lakes were identified. All lakes were distributed between 2220
and 5119 m a.s.l. At higher latitudes, the predominate lake type changed from moraine-related to
erosion. From among the Gez, Taxkorgan, Hunza, Gilgit, and Indus basins, most glacial lakes were
located in the Indus Basin. The number and area of glacial lakes were larger on the southern slopes of
the Karakoram range.
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1. Introduction

A glacial lake is a lake in a cold region that is near or in contact with a glacier, or that is developing
through recent glacial morphology [1]. Many glacial lakes are unstable, and their sudden bursting
can cause devastating floods, known as glacial lake outburst floods (GLOFs), in cryospheric regions
such as the northern parts of the China–Pakistan Economic Corridor (CPEC). To the year 2000, over
30 GLOF events had been recorded in the Hunza Basin (a sub-basin of the Indus River in the CPEC
covering 22,000 km2) alone [2]. Recent research has revealed that the occurrence of GLOFs has rapidly
increased over the past two decades [3]. However, glacial lake inventories, evaluations of GLOF
risks, and investigations of the physical geographic conditions have not been well developed for this
disaster-prone region.

Glacial lake inventories have been compiled for many other areas such as the central Tibet
Plateau [4,5], southern margin of the Himalayas [1,6–12] and Tianshan [13,14]. Many of them have
contributed to disaster risk assessment and provided strong evidence of regional climate change.
Information on the characteristics of glacial lakes is vital for the formulation of pertinent policy at
local government levels and the mitigation of potential GLOF-induced risks [1,15,16]. Therefore,
a glacial lake inventory as well as a study of geographical vulnerabilities of GLOFs in the CPEC are
urgently required.
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The aim of this study was to provide a comprehensive and systematic glacial lake inventory
for the CPEC using Landsat 8 Operational Land Imager (OLI) data acquired during 2016–2018. We
anticipate that this inventory will provide basic information on glacial lakes in the CPEC and raise
awareness of glacial lakes in central Asia. We also hope that the inventory may reduce risks and losses
caused by disasters related to glacial lakes.

2. Study Region

The CPEC is situated at border areas amidst China, Pakistan, Afghanistan, Tajikistan, and India
but mainly comprises the western part of Xinjiang Uygur Autonomous Region in China and the whole
of Pakistan. A major portion of the mountainous areas of the CPEC, which include the Kunlun, Pamir,
Himalaya, Karakoram, and Hindukush ranges, is regarded as a region of perennial snow and glaciers
(Figure 1). Among these ranges, the largest and most concentrated distribution of glacial lakes is
located in the Pamir and Karakoram mountains. The Karakoram Highway (KKH), built to connect
China and Pakistan, crosses these high mountain ranges and a region containing numerous glacial
lakes (Kashgar to Thakot). In this investigation, five basins along the KKH (the Gez, Taxkorgan, Hunza,
Gilgit, and Indus river basins) between Kashgar and Thakot were selected. The estimated total area of
these basins is approximately 167,000 km2, with an average altitude of 4135 m a.s.l.
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elevation model data come from Advanced Spaceborne Thermal Emission and Reflection Radiometer
Global Digital Elevation Model Version 2 (ASTER GDEM V2). Basin boundaries are delineated
based on ASTER GDEM V2 through ArcSWAT tool. Glacier data are Randolph Glacier Inventory 6.0.
The Karakoram Highway are delineated from Google Earth.

In the study region, glaciers are widely distributed in the western Kunlun and Karakoram
mountains. Recent glacier studies have revealed that most of the glaciers in the Karakoram are
more stable than those in the Tianshan and southern slopes of the Himalayas, where glaciers have
substantially retreated [17,18]. In the Karakoram range, there are numerous large valley glaciers with
lengths longer than 40 km, such as the Batura glacier (59 km), Baltoro glacier (63 km), and Hispar
glacier (54 km), according to Randolph Glacier Inventory 6.0. The large surface areas of these glaciers
create a favorable environment for supraglacial lakes. Furthermore, studies have reported the existence
of many surge-type glaciers in the Karakoram range [19]. These surge-type glaciers are originating
factors for many types of blocked lakes and GLOFs.

The climate of the study area is cold and dry, with an annual average temperature of 9 °C (Ghulkin
automatic weather station, 74.8706◦ E, 36.4215◦ N, 2726 m a.s.l. from May 2018 to May 2019, Figure 1).
It is a typical alpine climate area mainly affected by westerly circulation. Although temperature
gradually rises from north to south, the alpine characteristics of the mountains, cold and dry, remain
obvious in the southern parts of the study region. The Karakoram seasonal cycle is dominated by
nonmonsoonal winter precipitation, and water inputs concentrate in winter months [20,21]. Although
annual average precipitation as measured by our automatic weather station is less than 200 mm in
the valley, a large difference exists in the amount of precipitation between the upper mountains and
downhill [22]. In the glacier accumulation areas, large amounts of precipitation result in giant glaciers.

3. Input Data

Because of the remote locations of glacial lakes, the most accessible means to acquiring data of
their positions and areas is with remote sensing images. Satellite Landsat 8, launched in 2013, offers
remote sensing images with a spatial resolution of up to 15 m in panchromatic imaging mode and 30 m
in multispectral imaging mode; it is fully suitable for extracting glacier lake data. In this study, fourteen
Landsat 8 OLI terrain-corrected images (Level 1TP, from https://glovis.usgs.gov/) collected during
July to October of 2016, 2017, and 2018 were selected. To improve the accuracy of glacial lake outline
delineation, image selection criteria were set as follows: (1) cloud covered less than 10% of the image;
(2) its acquisition time was during the end of the glacier ablation season; and (3) it did not contain snow.
These criteria were used because first, cloud cover can block spectrum signals reflected from the earth’s
surface; second, during the ablation season, glacial lakes are at their maximum extents—thus, only
satellite data acquired later than July was considered; and third, snow with a high albedo can blur
boundaries between lakes and snow-covered land, and snowfall is often accompanied by a temperature
drop that could cause lakes, especially smaller lakes, to partially freeze. With these criteria, obtaining
high-quality images of the CPEC within a single year proved difficult, so images from 2016 to 2018
were considered. Details of the images used are provided in Table 1.

https://glovis.usgs.gov/
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Table 1. Multispectral satellite imagery used in the study.

Sensor Path/Row Date

Landsat 8 OLI

148/35 2016/09/24
148/36 2017/10/29
149/33 2018/07/19
149/34 2016/10/01
149/35 2016/10/01
149/36 2017/10/04
150/33 2017/09/09
150/34 2017/09/09
150/35 2017/09/09
150/36 2017/10/27
151/33 2018/07/17
151/34 2016/10/15
151/35 2016/10/15
151/36 2016/10/15

In addition to the Landsat images, Advanced Spaceborne Thermal Emission and Reflection
Radiometer Global Digital Elevation Model Version 2, which is provided by the US Geological Survey
(https://earthexplorer.usgs.gov/) and has a spatial resolution of up to 30 m, was utilized to analyze
slope conditions in the study domain. Google Earth was also utilized to identify types of glacial lakes.

4. Methods

4.1. Glacial Lake Mapping

The outlines of glacial lakes were delineated using semiautomatic mapping methods [23–25]. First,
the normalized difference water index (NDWI) (1) [23], which is an established band ratio method
employed for water body extraction, was used to delineate lakes. Slope analysis was then used to
eliminate terrain impact. Finally, manual work was undertaken to examine lake characteristics and
rectify mistakes in the original NDWI based delineation.

The NDWI is defined as

NDWI = (Blue − SWIR)/(Blue + SWIR), (1)

where Blue and SWIR are blue band and short-wave infrared band respectively.
Various band combinations have been used for recognition tasks with differing geographical

backgrounds [26,27]. In this inventory, blue (Landsat OLI band 2) and SWIR (Landsat OLI band 6)
bands were chosen. Testing indicated that thresholds of 0.2–0.8 performed well in representing all
water bodies in the CPEC.

The CPEC is a concentrated distribution area of high mountain ranges, and images of the region
frequently contain large shadow areas. Due to the spectral similarity between water bodies and
shadows, distinguishing them by applying only the band ratio method (NDWI) is challenging.
Fortunately, because lakes are flat, slope analysis (<10◦) helped eliminate shadow disturbance.

Manual work was essential after NDWI calculation and slope analysis. First, glacial lakes with
their differing depths, turbidity, and status vary widely in spectral characteristics, and setting a precise
NDWI threshold to extract all glacial lakes is impossible. The threshold was therefore set loosely to
avoid gaps and omissions. With the loose threshold, many nonlake surface features were misclassified
as lakes, and manual work helped rectify this outcome. Second, water bodies in the CPEC are not
limited to glacial lakes; other water bodies (e.g., rivers, reservoirs) are also nestled in the study domain.
Manual work helped differentiate the bodies. Almost all the postprocessing work involved manual
visual interpretation that was extremely time consuming [28].

https://earthexplorer.usgs.gov/
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Figure 2 shows the results of each delineation step. The threshold of NDWI is available to extract
all water bodies (b), and the slope analysis is an effective measure to eliminate and reduce shadow
interference (c). Obviously, through manual correction, a good result is made in accuracy improvement
as well (d).
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red area are the same result as (c).

4.2. Glacial Lake Definition and Classification

A glacial lake may be defined as a lake in a cold region that is near or in contact with a glacier
or is developing through recent glacial morphology [1]. However, the definition is controversial [29].
Although similar definitions of ‘glacial lake’ in various inventories have been presented, a consensus
on specific rules for glacial lake extraction has not been reached. Researchers often formulate series of
limitations based on their research purposes and the geographical conditions of their study area. Some
researchers have emphasized the relationship between glacial lakes and glaciers, stating that only water
bodies within 10 km of a glacier should be considered glacial. Others have argued that lakes with an
elevation higher than 3000 m a.s.l. can be recognized as glacial [12,30]. Other researchers have posited
that the lake formation mechanism should be the criteria, where lakes within a glaciation area can be
considered glacial [1,28]. In this study, we wanted to create an inventory based on the geographical
conditions of the CPEC and aimed to provide both a basic data set of glacial lakes and information
enabling progress in GLOF risk assessment. The definition that the lake is in a cold region and near or
in contact with a glacier or is developing through recent glacial morphology [1] was chosen for these
ends. Because the entire study area is a Quaternary glaciation region [31], the inventory includes all
natural lakes in the study region as glacial lakes, with no limitations regarding elevation or distance.
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Because geographical environments vary, types of glacial lake that illustrate lake characteristics
have been described [1]. Two main classifications of glacial lake have arisen. One is based on
the relationship between the lake and the glacier or glaciers [12,29,32]. Another is defined based
on the lake’s formation mechanism [1,33]. In the first classification, glacial lakes are divided into
categories such as glacial-fed and non-glacial-fed lakes, supraglacial and proglacial lakes, connected and
unconnected lakes according to their hydraulic connection and spatial position [12,34,35]. In the other
classification, glacial lakes are typified as erosion lakes (including cirque, valley, and erosion lakes),
moraine-dammed lakes (end moraine-dammed lakes, lateral moraine-dammed lakes), supraglacial
lakes, and blocked lakes (fed mainly by glacier meltwater), among others. The glacial lakes classification
system used in this study is based on formation mechanisms because these mechanisms provide
additional information about lakes that is especially relevant to GLOFs. For example, erosion lakes are
more stable than moraine-dammed lakes [36], and because of their relatively stable topographic and
geological state, resources should be concentrated on those with higher GLOF risks. Because a disaster
risk assessment process would be a substantial, meaningful step in CPEC development, integrating and
utilizing a formation mechanism-based glacial lake classification system is desirable. Yao et al. built
a formation mechanism-based glacial lake classification system [29] that provides a good reference.
In this study, we categorized in situ glacial lakes into four classes and eight subclasses. Considering
the geographical conditions of the CPEC, some classes (such as moraine thaw lakes) were removed
from their classification system. Table 2 provides details of our classification. Google Earth, with its
high-resolution images and three-dimensional views, was used to obtain information about lakes and
to help in determining lake types.

Table 2. Glacial lake classification.

Lake Type
Definition

Class Subclass

Blocked lakes

End moraine-dammed
lakes

Lakes blocked by an end moraine; located in front of
the mother glacier and supplied by the glacier

Lateral
moraine-dammed lakes

Lakes blocked by lateral moraines located at both
sides of the dam-forming glacier; its water supply is
the dam-forming glacier

Other moraine-dammed
lakes

There are two other types of moraine-dammed lake:
(1) lake developing on the moraine, mostly formed by
the thawing of ice and typically situated on the end
moraine of a modern glacier; and (2) lakes blocked by
a moraine coming from a tributary valley glacier [37]

Ice-blocked lakes Lakes blocked by glacier ice; usually related to glacial
advance

Erosion lakes
Cirque lakes

Lakes located in a cirque and mainly caused by
glacial retreat; typically supplied by a modern glacier
but includes lakes located in an ancient cirque
without a glacier

Other erosion lakes Erosion lakes other than cirque lakes

Supraglacial lakes
Lakes located on the surface of a glacier; caused by
differential ablation of the glacier surface or affected
by poor drainage of internal glaciers [36]

Other glacial lakes Lakes in glaciation areas; blocked by geological
hazard such as landslide, rockfall, or debris flow [33]

4.3. Glacial Lake Coding

Consulting the glacier coding system formulated by the National Snow and Ice Data Center, we
developed the following glacial lake coding: ‘XXnnnnnnNmmmmmmmE’ (‘XX’ is an abbreviation of
the lake type and ‘nnnnnn’ is the centroid latitude value of the lake multiplied by 100 000; similarly,
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‘mmmmmmm’ represents the longitude, beginning with ‘0’ if the longitude value is less than 100; ‘N’
and ‘E’ mean north and east, respectively).

To assess potential GLOF risk, distances form end moraine-dammed lakes to their nearby structures
were calculated. Threatening levels of the lakes were also given as attributions to the inventory data set.

4.4. Uncertainty

In satellite imagery interpretation, studies have reported that the interpretation of mixed pixels
can cause uncertainty in glacial lake delineation [38,39]. A distance of ±0.5 pixels has been regarded
a proper range to represent this uncertainty [40–42]. Therefore, a buffer with a distance of a half-pixel
outside the boundaries was adopted to appraise uncertainty (2).

Uncertainty = (P/2 × C)/S, (2)

where P is the pixel length, C is the circumference, and S is the area of glacial lakes.
Because P is a fixed value, errors are dominated by the ratio of the lake’s circumference and area.

Table 3 displays the mean uncertainty for various lake scales.

Table 3. Uncertainty.

Lake Scale (km2) Uncertainty (%)

0.01–0.03 0.22
0.03–0.05 0.16
0.05–0.07 0.13
0.07–0.09 0.11
0.09–0.11 0.10
0.11–0.2 0.08
0.2–0.5 0.06

0.5– 0.03

The uncertainty of the mapping varies by scale: as the scale increases, uncertainty decreases.
The smaller a glacial lake is, the greater its uncertainty. Therefore, a minimum area of 0.01 km2 was
set as the threshold, which means water bodies with an area smaller than 0.01 km2 (approximately
10 pixels in original OLI image resolution) were eliminated after lake mapping to improve accuracy.
Overall, the mean uncertainty of the total glacial lake mapping is 8.95%, which may ensure credibility
and reliability.

In addition, some uncertainty comes from the subjective discrimination of ground objects by
researchers, which is unavoidable in manual rectification. In the present study, lake delineation
was achieved through a semiautomatic method, and nearly every glacial lake experienced manual
rectification. Uncertainty appears in any subjective process, and it should be evaluated; however, no
appropriate, quantifiable uncertainty estimation for this type of manual rectification process exists. To
improve the inventory’s credibility and validity, rechecking work was conducted after delineation,
mainly through examining target lakes on high-resolution images provided by Google Earth and field
investigation data. We believe that the level of accuracy of the glacial lakes inventory along the CPEC
can satisfy the requirements of disaster prevention projects and investigations of geographical elements.

5. Results

5.1. Number and Area of Glacial Lakes

In total, 1341 glacial lakes ranging from 0.01 to 7.20 km2, with an accumulated area of 109.76 ±
9.82 km2 are delineated in this inventory. The mean lake area is approximately 0.08 km2. Nine lakes
are larger than 1.00 km2. Karakul Lake, located at the west slope of Mt. Kongur, is the largest, with an
area of 7.20 km2.
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Glacial lakes with an area less than 0.03 km2 account for almost half of all lakes (Figure 3), but
these small lakes account for only 10.6% of the total lake area. Glacial lakes larger than 0.20 km2

comprise 6.1% of the number but 49.4% of the total area.
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5.2. Spatial Distribution of Glacial Lakes in the CPEC

To analyze the spatial distribution of glacial lakes in the CPEC, the five river basins were divided
into sub-basins using the ArcSWAT tool. The threshold area for sub-basins was selected as 1000 km2.
Figure 5 displays the boundaries of the basins and their sub-basins. Then, the percentage of lake area
(PLA), which represents glacial lake area per square kilometer, was used as a parameter to illustrate
the spatial distribution of glacial lakes.ISPRS Int. J. Geo-Inf. 2020, 9, x FOR PEER REVIEW 10 of 16 
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enormous lakes such as Karakul Lake in the southern Gez basin and Attabad Lake in the central Hunza
Basin; in fact, few glacial lakes were identified in either of these basins.

Lake types in five basins were analyzed (Figure 6). Except for ice-blocked lakes, all types of
glacial lakes are distributed in all the basins. Obvious differences were observed in the distribution
characteristics of the basins as follows: (1) erosion lakes, the most numerous type, are mainly distributed
in the Gilgit and Indus basins; (2) supraglacial lakes are relatively concentrated in the Hunza Basin;
and (3) moraine-related blocked lakes dominate in the Gez and Taxkorgan basins. Moving south,
the predominant lake type transformed from moraine-related to erosion.
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5.3. Distribution of Glacial Lakes by Elevation

The distribution of glacial lakes at different elevation bands is demonstrated in Figure 7. All
the glacial lakes are located between 2220 and 5119 m a.s.l., and almost half are concentrated between
4100 and 4500 m a.s.l. Generally, the variation tendencies of area and number were similar as elevation
changes. Both the quantity and area of the glacial lakes follow a gradual increment with increasing
altitude, and at 4200–4500 m a.s.l, these two statistics reach their peak and then gradually decrease.
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Area values for particular altitude sections, such as 0–2500 m and 3600–3700 m, are quite high.
This is because Karakul Lake, the largest lake, is situated at 2364 m a.s.l., and 3 of the 10 largest lakes
are located at 3600–3700 m a.s.l. The presence of these large lakes at low to medium altitudes creates
outlier effects for specific altitude ranges. As a result, the mid-value elevation for lake area (4218 m
a.s.l.) is lower than that of lake number (4372 m a.s.l.).

The altitude distribution of glacial lakes varies widely by basin (Figure 8). Along the KKH,
the mean altitudes of water basins are 4211 m (Gez), 4192 m (Taxkorgan), 4366 m (Hunza), 3922 m
(Gilgit), and 3700 m (Indus). From Kashgar to Thakot, they first increase then decrease. The altitude
distribution of almost all the glacial lakes match this variation trend. The exception is the Hunza Basin.
The low distribution of glacial lakes in Hunza is caused by unique local topography: with its high
mountains and deep valleys, slopes are so steep that except in the deep valleys, no developing space
for glacial lakes is available. The low distribution of large valley glaciers such as the Batura glacier (its
snout reaches to 2500 m a.s.l.) also contributes to the low distribution phenomenon seen in Hunza.
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The altitude distribution of glacial lake types differs (Figure 8). Most lakes are distributed between
4300–4500 m a.s.l. For lateral moraine-dammed, supraglacial, and other glacial lakes, large scales of
altitude distribution and relatively lower average elevation (approximately 4000 m a.s.l.) are observed.
Supraglacial lakes and lateral moraine-dammed lakes largely relate to modern and especially large
glaciers such as the Batura glacier. With the large range in altitude of larger glaciers, from approximately
2500–7000 m a.s.l., supraglacial lakes and lateral moraine-dammed lakes are found in high and low
altitudes. Other glacial lakes are influenced mainly by geological hazards. Geological hazards such
as landslides and rockfalls block water channels, leading to the formation of other glacial lakes at
every altitude.

5.4. GLOF Evaluation

GLOF evaluation work has been widely performed in High Mountain Asia, especially
the Himalayas [8,9,43]. Although evaluation processes have varied by lake type, a recent study
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highlighted that end moraine-dammed lakes are more vulnerable to dam failure and subsequent
GLOFs [44]. In this study, 162 end moraine-dammed lakes were delineated, and distances between these
lakes and potentially threatened structures such as bridges, roads, and houses were measured. The 162
lakes were divided into four levels: almost no threat (31–70 km), somewhat threatening (11–30 km),
threatening (6–10 km), and severely threatening (1–5 km). Figure 9 illustrates the distribution of end
moraine-dammed lakes and their threat levels.
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Most end-moraine lakes (117 of 162) are at distances of more than 10 km from human-made
structures, and we believe that these lakes would not cause considerable damage or loss to their
downstream areas. Thirteen severely threatening (distances shorter than 5 km) end moraine-dammed
lakes are distributed in central Karakoram and the south slope of the Himalayas. Furthermore, 90%
(40 of 45) of lakes at threatening or severely threatening distances are located in the Gilgit and Indus
basins, putting residences and infrastructure in these basins at risk; the necessity of hazard mitigation
works might be highlighted.

Relative to other lake types, 162 is not a large number; therefore, it could be concluded that few
GLOFs would occur in the CPEC. However, in addition to GLOFs from moraine-dammed lakes, many
GLOFs are related to geological hazards such as debris flow (classified as other glacial lakes in this
study) [45] and glacier surges [46,47]. Estimating potential hazard risk through focusing on only one
type of glacial lake is inadequate, and more work should be conducted on GLOF evaluation.

6. Discussion

Wang et al. [29] provided a systematic glacial inventory of High Mountain Asia that contains
the study area of this inventory. In their inventory, 1418 glacial lakes are larger than 0.01 km2, and
their total area is 85.47 km2. Although the two inventories used different glacial lake definitions
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and classification systems, they identify approximately the same number of glacial lakes. Regarding
the difference in area, we included lakes more than 10 km from glaciers and categorized some as
‘other’ lakes. Briefly, this inventory can be considered credible. Compared with their study, our
inventory classification is more detailed. They classified glacial lakes into two classes, glacier-fed lakes
and non-glacier-fed lakes. Water resource and glacier hydrology research were highlighted. While
our detailed classification aims to give more information to hazards assessment, especially GLOFs.
Through lake types-based GLOFs evaluation, a practicable way might be offered to link glacial lake
inventory with hazard assessment.

During classification processes, landslides are sometimes misinterpreted as having a glacial origin
in the Karakoram and Himalayas [48]. Furthermore, some argue that not all cirques are of glacial
origin [49]. Some lakes in this inventory may have been misclassified. Additional fieldwork and
exemplar research are required.

7. Conclusions

Through a semiautomatic method, we employed open-access Landsat 8 OLI images to delineate
glacial lakes and compile an inventory of these lakes in the CPEC. A total of 1341 lakes with an area
of 109.76 ± 9.82 km2 were identified. Lakes smaller than 0.03 km2 were predominant. Erosion lakes
were the most numerous and comprised the largest area, whereas lateral moraine-dammed lakes and
ice-blocked lakes were the least common. Lake spatial distribution exhibited increasing trends in both
area and quantity from north to south. Nearly half of all lakes were concentrated at an elevation of
4100–4500 m a.s.l.

In this inventory, an attempt has been made in connecting the lake inventory and GLOF assessment
through detailed classifications. It may serve as a valuable base and reference for further study.

To more fully understand glacial lakes in the CPEC, more geographical details should be collected
through satellite imagery and fieldwork. Additionally, information on climate change, glacier dynamics,
and glacial lake developments over decades would be invaluable. We intend to engage in case studies
and hope to make the glacial lake inventory more precise.
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