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Abstract

:

One of the main glacier-related natural hazards that are common to alpine locations is the occurrence of glacial lake outburst floods (GLOFs), which can seriously harm downstream towns and infrastructure. GLOFs have increased in frequency in the central Himalayas in recent years as a result of global warming, and careful management of glacial lakes is a crucial step in catastrophe prevention. In this study, field surveys were conducted on 28 August 2020 and 1 August 2021 with the help of an unmanned aerial vehicle (UAV) and a boat bathymetric system on an unmanned surface vessel (USV), combined with 22 years of Landsat series imagery and Sentinel-2 MSI imagery data. Spatial analysis was then used to investigate changes in lake surface conditions, dam stability, and surrounding topography before and after an integrated project of the Jialong Co lake. The results show that: (1) from 2000 to 2020 (before engineering management), the area of the Jialong Co glacial lake increased from 0.2148 ± 0.0176 km2 to 0.5921 ± 0.0003 km2. The glacial lake expansion rate from 2000 to 2010 (0.0145 km2/a) was greater than the rate from 2011 to 2020 (6.92  ×  10−6 km2/a). In 2021 (after engineering treatment), the glacial lake perimeter, area, and volume decreased by 0.6014 km, 0.1136 km2, and 1.90 × 107 m3, respectively. The amount of excavation during the project treatment was 8.13 million square meters, and the amount of filling was 1.24 million square meters. According to the results of the unmanned surface vessel (USV), the elevation of the lake surface dropped from 4331 m to 4281 m, and the water level dropped by 50 m (the designed safe water level line dropped by 30 m). (2) The results of the UAV topographic survey and geomorphological analysis showed that the engineered reinforcement of the outlet channel and surrounding dam effectively mitigated severe scouring of the foot of the final moraine at the outlet of the spillway, as well as the likelihood of glacial lake outbursts caused by ice avalanches and landslides. (3) The comprehensive engineering treatment of this typical glacial lake effectively lowered the water level and improved the stability of the moraine ridge and lake dam, providing a scientific foundation for other glacial lake outburst risk assessments and disaster mitigation and management measures. Thus, it is critical to evaluate the impact of comprehensive engineering management of key glacial lakes to support glacial lake management.
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1. Introduction


Glacial lakes are lakes that are formed by glaciation [1]. According to their formation characteristics, glacial dams can be divided into glacially dammed lakes, moraine-dammed lakes, and supraglacial lakes and subglacial lakes [2]. In recent years, with global warming (IPCC, 2021), the rapid expansion of Himalayan glacial lakes has captured the attention of scientific researchers and all sectors of society [3,4,5]. Accelerated glacier retreat in alpine regions, in particular, has resulted in a dramatic increase in meltwater and a massive formation and rapid expansion of a large number of supra/periglacial lakes [6,7,8]. Glacial lake outburst floods (GLOFs) are cryosphere-specific natural disasters caused by the sudden release of lake water, resulting in environmental and property damage and mortality [9]. The Himalayas are regarded as one of the world’s most vulnerable regions to climate change [10,11], and the evolution of glacial lakes in the Himalayas has increased the occurrence of glacial hazards such as GLOFs [12], posing a serious threat to downstream communities and infrastructure [13,14]. However, current research on glacial lakes has primarily focused on its change processes and mechanisms, the simulation of outburst floods, and disaster assessment, while relevant research on engineering management measures to address the expansion of glacial lakes is scarce. This study not only provides a scientific basis for the evolutionary process of glacial lakes but also has important implications for improving knowledge for glacial lake management.



The expansion of glacial lakes in some parts of the Himalayas is more significant, such as the upper valley of the Boqu River, which has drawn the attention of researchers due to its large number of glacial lakes [15,16]. Li et al. [14] noted that the Jialong Co glacial lake has undergone a “slow-fast-slow” expansion process over the last 30 years, and field investigations have shown that outlet dynamics and external water intrusion are vulnerable factors that trigger and influence the chain of glacial lake outburst hazards. The moraine monopoly of a glacial lake is vulnerable to damage due to overflow and external water intrusion triggering mechanisms [17]. During the ablation season, with climate warming and precipitation increases, ice collapse occurs, and large amounts of glacial meltwater are generated [18]. Glacial lakes with dams composed of moraines are less stable and vulnerable to external factors, such as ice avalanches, landslides, and the melting of dead ice inside the dam [19,20], which can easily cause dam failure and outburst floods. For example, on 23 May and 29 June 2002, the lower and upper moraine dams of the Jialong Co glacial lake burst twice, causing GLOFs, and flooding and debris flows washed away a reinforced concrete bridge. Part of the roadbed on National Highway 318 (China-Nepal highway) was damaged, part of the newly built power station was also damaged, and 0.0137 km2 of farmland, 0.0333 km2 of grassland and four houses were destroyed, resulting in an economic loss of approximately 7.5 million yuan [21].



Some high-risk glacial lakes have implemented engineering management projects to reduce disasters. Currently, most research on glacial lakes has focused primarily on their change processes and mechanisms, the simulation of outburst floods, and disaster assessment; however, urgent attention should be paid to the changes of glacial lakes before and after comprehensive engineering management and disaster prevention, which not only provides technical support for mechanism research and disaster prevention and mitigation, but also has great significance for increasing our knowledge on the management of glacial lakes.



Unmanned aerial vehicle (UAV) and unmanned surface vessel (USV) technology have been refined in recent years, and both are now being used in a wide range of research areas related to glacial lake changes and disasters. However, because of the high altitude, complex terrain, and limited accessibility of glacial lake development areas, there has been little research on glacial lake monitoring using UAV and USV. This technology has the distinct advantages of a flexible observation time, safety, rapidity, and high product accuracy [22,23,24]. In this paper, through the Jialong Co glacial lake comprehensive engineering management before and after the field investigation, analysis by slotting and releasing water, repairing channels to reduce the risk of moraine monopoly collapse, as well as blocking the outlet of the drainage channel end moraine monopoly slope foot erosion effect, we endeavor to better understand the risk of glacial lake mitigation after the topography, geomorphology, and surrounding environment after the risk of glacial lake have been mitigated.



In this work, we use UAV, USV in field work, combined with high-resolution multitemporal remote sensing images, to dynamically monitor the comprehensive engineering management before and after the lake surface conditions, the stability of the lake dam, and the surrounding geomorphology before and after the Jialong Co glacial lake comprehensive engineering management. Our aim is to provide information for glacial lake disaster-related engineering management, and for downstream area disaster prevention and mitigation.




2. Materials and Methods


2.1. Study Area


The Jialong Co glacial lake (28.2°N, 85.85°E) is located in the central Himalayas, between the Xixiabangma and Mount Everest mountain ranges, 20.6 km from Nyalam County, with a watershed area of 2018.4 km2 and a main-stream length of 86.5 km (Figure 1). According to a 2020 field survey, the Jialong Co mother glacier has retreated significantly in recent years, and the glacial lake is no longer directly connected. The glacial lake is a moraine lake with an area of approximately 0.60 ± 0.02 km2, a lake surface elevation of 4331 m, a depth range from 2 to 135 m, a mother glacial area of 4.53 km2, and a reservoir capacity of (3.75 ± 0.38) × 107 m3. The region has a highland semi-humid monsoon climate zone, with cold winters and low temperatures. The average annual temperature is 3.67 °C, rainfall is relatively abundant, with the most precipitation occurring in June and July, with an average annual rainfall of 657.3 mm [13,25].




2.2. Data and Methods


2.2.1. Remote Sensing Data


In this study, Landsat series images and Sentinel-2 optical images acquired from 2000 to 2021 were employed to extract the boundary of glacial lake using the method of manual interpretation. These optical images were collected from the United States Geological Survey (https://earth explorer.usgs.gov/ (accessed on 20 May 2022)) and their details are presented in Table 1, which are characterized by higher temporal and spatial resolution, and have been extensively used for mapping glacier movements and glacial lake boundaries [26,27].




2.2.2. Meteorological Datasets


This study utilized rainfall and temperature data from the Global Land Surface Monthly Mean Climate Dataset (http://www.cru.uea.ac.uk/data (accessed on 5 July 2022)) published by the University of East Anglia’s Climatic Research Unit (CRU) in the United Kingdom, with a spatial resolution of 0.5° × 0.5°, for the 1990–2020 period.




2.2.3. UAV Data and Processing


In this study, two field surveys were conducted on 28 August 2020 and 1 August 2021 during the glacial melt season using a DJI Royal PRO UAV on the Jialong Co glacial lake. Detailed aerial survey information is provided in Table 2. The DJI PRO is a quadruped that serves as a convenient, low-cost, powerful, high-resolution photogrammetry UAV. It has a maximum flight altitude of 6000 m, a flight time of approximately 30 min, and a built-in GPS/IMU positioning module for determining the position and altitude of exposure points. Due to the difficult terrain surrounding the glacial lake, this study used Pix4D capture for route planning (Figure 2) to automatically take pictures at specific intervals along a set flight path and record the position and altitude of the UAV at the exposure point in a JPEG image.



The UAV data were processed with Pix4Dmapper software (Figure 3) using the three following steps:




	(1)

	
Initial processing: First, the feature matching SIFT algorithm was used to search for and match image points of the same name with a specific overlap area, and second, the geometric position and orientation of each exposure point were reconstructed using internal parameters (focal length and image principal point coordinates) and external parameters (i.e., POS data) with the WGS84 coordinate system to create a sparse point cloud.




	(2)

	
Point cloud encryption: Point cloud encryption can be achieved through the operations of pixel scale settings and point cloud filters. The spatial resolution of point cloud is improved after such the operations, thus contributing to create an irregular network in the next step.




	(3)

	
Raster digital surface model (DSM) and orthophoto generation: DSM and DOM were the final products of UAV surveying. The DSM was reconstructed by means of a dense point cloud or irregular network, and for complex terrain areas, a higher accuracy could be achieved by means of a dense point cloud method.










2.2.4. Calculation of Earthwork Volume


In this paper, aerial survey data were collected from the terrain before and after the comprehensive engineering management of the glacial lake using the UAV, and the internal data were processed using the Pix4D software. The volume of each excavation and backfill area could be calculated by calculating the volume size of the area that was enclosed by each dividing line. Then each excavation and backfill area can be summed up as the amount of excavation and filling of soil and rock in the requested area [28,29]. Figure 4 depicts the flow of calculating the volume of earth and rock for the two phases of terrain before and after integrated project management.




2.2.5. Glacial Lake Depth Measurement


The water depth data of the glacial lake were obtained in this study through field sampling with a single-beam sonar USV bathymetry system (Figure 5). The benefits of a single-beam sonar bathymetry system include portability, power, and high measurement accuracy. A navigation system was outfitted for monitoring the hull attitude and real-time positioning of the USV, maintaining the lines, and measuring the depth with a horizontal positioning error of ±8 mm+1 ppm, and the depth data acquired by the single-beam sonar were ±1 cm+0.1% H. The lake depth was estimated with uncertainty using the sonar acquisition software HydroSurvey, bathymetry data were measured, and the position of the USV was displayed on the computer screen in real time.




2.2.6. Volume Calculation


Volume is critical in assessing glacial lake hazards and simulating GLOFs. Kriging interpolation, also known as spatial local interpolation, is a method of unbiased optimal estimation of regionalized variables in a finite area based on semi-variance function theory and structural analysis and is one of the main elements of geostatistics. The targeted area depth of the glacial lake was obtained from the on-site surveys conducted by an unmanned vessel bathy-metric system on 28 August 2020 and 1 August 2021, and then the depth of each pixel of the glacial lake was estimated using the kriging interpolation method in ArcGIS software according to the depth of the targeted area. The volume of the glacial lake is further estimated by multiplying the depth of each pixel by its area (Equation (1)). The uncertainty weight for this volume assessment process was set to ±10%, as judged by the data from field rope measurements.


   V =    ∑  0 i   H i  P  



(1)




where V is the reservoir volume of the glacial lake (m3),    H i    is the depth at pixel i (m), and P is the pixel size of the bathymetric map (m2).




2.2.7. Uncertainty Calculation


The main issue was interpreting and attributing various elements in various feature areas. Many Chinese researchers have already examined this topic, but the results are frequently unsatisfactory due to the influence of subjective factors. The glacial lake area was calculated using the Universal Transverse Mercator Projection coordinate system (UTM), and its uncertainty δ was estimated using the following formula [30] (Equation (2)):


  δ =  P G  ×    G 2   2  × 0.6872    



(2)




where δ refers to the uncertainty in the area of an individual glacial lake, P is the perimeter, and G is the spatial resolution using remotely sensed data.






3. Results


3.1. Accuracy Analysis


This paper examines the accuracy of the Jialong Co glacial lake in the area covered by UAV imagery using high-resolution Sentinel-2 MSI imagery from 2020 and 2021. The images in this study area were clear and small and did not require further alignment; the accuracy uncertainty was determined by the image resolution and the effect of mountain shadows. As a result, the magnitude of the error in this paper was determined by comparing the UAV and Sentinel-2 MSI glacial lake contours (Figure 6).



When comparing the accuracy of the UAV image data and that of the higher spatial resolution Sentinel-2 MSI visual interpretation of the Jialong Co glacial lake area, as shown in Table 3, the two results were in good agreement, and the overall accuracy reached over 98.48%.




3.2. Changes in Area, and Circumference of the Glacial Lake


The contours of the glacial lake could be extracted from the high-resolution remote sensing images and unmanned aerial survey images from 2000 to 2021 using ArcGIS, which could clearly map the contours of the glacial lake and the nonglacial lake areas where the existing mountain shadows could be combined with the DSM to help determine the boundaries. Figure 7 depicts the annual area change of the glacial lake from 2000 to 2021, with a clear trend of expansion. The evolutionary process was divided into three stages. The glacial lake area increased from 0.2148 ± 0.0176 km2 to 0.5503 ± 0.0519 km2 during the first stage, which lasted from 2000 to 2010. The second stage, 2010–2020, exhibited consistent annual growth. The glacial lake area increased from 0.5503 ± 0.0519 km2 to 0.5921 ± 0.0003 km2, and the glacial lake was subjected to a comprehensive engineering treatment process in the third stage, from 2020 to 2021. The lake’s length and area were reduced by 0.6014 km and 0.1136 km2, respectively.




3.3. Glacial Lake Water Level, Volume Change and Earthwork Volume Calculation


A depth map of the Jialong Co glacial lake was created using ArcGIS software to interpolate the bathymetric data spatially. The slope steepened as the density of the isobaths increased, suggesting that the glacial lake gradually deepened from the outside to the center. The slope was steeper near the glacier in the south than in the north.



Field bathymetric data were collected using an unmanned boat bathymetric system on 28 August 2020 and 1 August 2021, prior to and after comprehensive engineering management of the Jialong Co glacial lake. According to the results of the unmanned boat bathymetry (Figure 8), the maximum depth measured in 2020 was 133.43 m, and the maximum depth measured in 2021 was 83.43 m, with a 50 m drop in water level.



On 28 August 2020, the volume of Jialong Co glacial lake was (3.72 ± 0.37) × 107 m3. On 1 August 2021, the volume of the glacial lake was (1.82 ± 0.18) × 107 m3, and comprehensive engineering management was 1.90 × 107 m3. Figure 9 shows the project management before and after excavation of 8.13 million square meters and the filling of 1.24 million square meters.




3.4. Geomorphological Analysis


In this study, field surveys of Jialong Co glacial lake in August 2020 and August 2021 revealed that its outlet was located on its eastern side (Figure 10). Glacial melt and glacial lake outburst floods in the upper reaches of the Chongduipu river severely eroded the riverbank opposite the outlet, resulting in the collapse of moraines around the river channel (Figure 10a,c). Engineering reinforcement of the outlet channel and surrounding dam effectively reduced the severe scouring of the foot of the final moraine at the spillway outlet, as well as the likelihood of glacial lake outbursts caused by ice avalanches and landslides (Figure 10b). The elevation difference between the lake surface and the downstream Chongduipu river was 46 m, from 2020–2021 concerning the Jialong Co glacial lake comprehensive engineering management after the water level dropped 50 m, effectively reducing the glacier and mountain collapse-induced glacial lake surge and moraine lake dam burst risk (Figure 10d). The summer 2021 field survey revealed that, as the temperature increased, the mother glacier retreated over time and receded to the bedrock slope, completely separating from the lake (Figure 10e). Its ice tongue was almost perpendicular to the lake, with visible cracks in the steep tongue. Because of the steep front of the ice tongue and the presence of crevasses, ice avalanches/disintegrations were likely, and ice has fallen into the glacial lake. Field investigations of the Garonne fault revealed the presence of a landslide near the glacial lake’s terminus (Figure 10f).



Although the landslide did not completely enter the lake and had no obvious negative consequences, the landslide could have triggered a disaster, and the collapse of the mountain could have caused large waves and reduced the stability of the lake dam. After the water level drop treatment, even if a landslide occurs, the generated surge height will be greatly reduced, less dangerous, and will have less pressure on the lake dam. In summary, the risk assessment and lake environmental change studies have shown that the use of slotting and flood channel modification to lower the glacial lake level reduces the lateral water pressure on the moraine ridge and blocks the effect of erosion on the foot of the moraine slope at the outlet of the flood channel, which can help to mitigate the occurrence of glacial lake outbursts and is essential for exploring glacial lake management experiences.





4. Discussion


4.1. Response of Glacial Lakes to Climate Change


Climate change has significantly impacted alpine glacial areas in recent decades [31]. Glacial lakes are bodies of water formed by glacial activity or glacial retreat processes; changes in glacial lakes are determined by their water balance and are closely related to climate change [32]. Between 1990 and 2020, the average annual temperature in Nyalam County increased, as did the annual precipitation, with an average annual temperature change rate of 0.027 °C·a−1. The annual precipitation change rate was 7.768 mm·a−1 (Figure 11). Climate change has had an impact on glacial lake changes, either directly or indirectly. Warmer temperatures hasten glacial melting, increasing the recharge of glacial meltwater to the glacial lake; on the other hand, more precipitation hastens the recharge of rainwater to the glacial lake via slope runoff. The continued expansion of the glacial lake is positively correlated with the region’s continued temperature increase, and increased annual precipitation is also a source of recharge for the glacial lake’s expansion.




4.2. Uncertainty Assessment of Depth Data


Manual vertical rope measurements were used to establish validation points to validate the glacial lake depth data, and the locations of the validation points are shown in Figure 8. Table 4 shows the results of the comparison between sonar data and manually collected data, which shows that the accuracy of the USV bathymetry was low in shallower waters. The larger errors at Points 2 and 6 were most likely due to a combination of measurement errors in the USV system and human factors. Generally, considering all types of uncertainties, this study concluded that an uncertainty of <10% could accurately assess the lake depth and volume of the glacial lake. There is a lack of sufficient experiments in alpine environments; thus, further studies are needed to show how to avoid external environmental disturbances such as wind, water-wave background noise and so on in field investigations to improve the bathymetric accuracy of glacial lakes.





5. Conclusions


To conduct a comprehensive survey and comparative study, this study employed a combination of remote sensing, geographic information system (GIS), and field survey methods to assess the lake surface conditions, stability of the lake dam, and the surrounding terrain before and after the Jialong Co glacial lake comprehensive engineering management. The following results were found:



	(1)

	
The Jialong Co glacial lake area increased from 0.2148 ± 0.0176 km2 to 0.5921 ± 0.0003 km2 between 2000 and 2020 (before engineering treatment). The rate of glacial lake expansion in 2000-2010 (0.0145 km2/a) was greater than the rate in 2011–2020 (6.92 × 10−6 km2/a). From 2020 to 2021 (after engineering treatment), the glacial lake perimeter, area, and volume were reduced by 0.6014 km, 0.1136 km2, and 1.90 × 107 m3, respectively. The excavation area was 8.13 million square meters before and after the engineering treatment, and the fill area was 1.24 million square meters. Bathymetry data from an unmanned boat showed that the water level on the glacial lake’s surface has dropped by 50 m.




	(2)

	
According to the findings of the UAV topographic survey, the engineering reinforcement of the outlet channel and surrounding dam effectively mitigated the severe scouring of the foot of the final moraine at the spillway’s outlet and reduced the likelihood of glacial lake outbursts caused by ice avalanches and landslides.




	(3)

	
The comprehensive engineering treatment process of this typical glacial lake effectively lowered the lake’s water level, improved the stability of the moraine and lake dam, and can serve as a scientific foundation for other glacial lake outburst risk assessments and disaster mitigation and management measures. Thus, assessing the comprehensive engineering management effects of the key glacial lakes is critical for expanding glacial lake management knowledge.
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Figure 1. Geographic location of the Jialong Co glacial lake (a) (background image: Sentinel-2 MSI image, September 2020). Photos of the glacial lake at Jialong Co (b). 
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Figure 2. The two UAV aerial survey routes, photo points, photo overlap, and orthophoto display. 
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Figure 3. UAV aerial survey data acquisition and internal data processing. 
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Figure 4. Flow chart for earth and rock volume calculation. (a) DOM-28 August 2020. (b) DSM-28 August 2020. (c) DOM-1 August 2020. (d) DSM-1 August 2020. 
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Figure 5. Working principle of the USV bathymetry system. 
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Figure 6. Comparison of Sentinel-2 MSI and UAV data accuracy. (a) Sentinel-2 16 July 2020. (b) UAV 28 August 2020. (c) Sentinel-2 4 September 2021. (d) UAV 1 August 2020. 
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Figure 7. The change process of the area of Jialong Co glacial lake from 2000 to 2021. (a) The expansion of Jialong Co glacial lake from 2000 to 2021. (b) Interannual variation in the area of Jialong Co glacial lake from 2000 to 2021. 
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Figure 8. Depth survey map of Jialong Co glacial lake. (a) Depth survey map on 28 August 2020. (b) Depth survey map on 1 August 2021. (c) Depth distribution box plot. 
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Figure 9. Earthwork calculation before and after the Jialong Co glacial lake comprehensive engineering management. (a) Range of fill and excavation. (b) Difference in elevation change within the fill and excavation area. 
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Figure 10. Unmanned aerial survey images of Jialong Co glacial lake, including a general overview (A), upstream meltwater erosion banks (a), engineering management area (b), outlet erosion banks (c), profile around the outlet (d), the snout of the mother glacier (e), landslide connected to the lake (f), and manual bathymetric operations (g). 
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Figure 11. The changes in annual air temperature and precipitation in Nyalam County during 1990–2020. 
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Table 1. Remote sensing data.
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Sensor

	
Path/Row

	
Resolution (m)

	
Data (D.M.Y)

	
Purpose






	
Landsat 5 TM

	
141/40

	
30

	
5 September 2005

	
Delineate the Jialong Co lake




	
3 October 2008

	




	
25 August 2011

	




	
Landsat 7 ETM+

	
141/40

	
15

	
5 October 2000

	




	
22 September 2001

	




	
11 October 2002

	




	
28 September 2003

	




	
14 September 2004

	




	
6 October 2006

	




	
23 September 2007

	




	
14 October 2009

	




	
6 October 2012

	




	
Landsat 8 OLI

	
141/40

	
15

	
11 June 2013

	




	
24 October 2014

	




	
7 October 2015

	




	
3 June 2016

	




	
Sentinel-2 MSI

	
R076/T45RUM

	
10

	
25 September 2017

	




	
7 July 2018

	




	
21 August 2019

	




	
16 July 2020

	
Validate the accuracy of the Jialong Co boundary




	
4 September 2021
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Table 2. UAV aerial survey details.






Table 2. UAV aerial survey details.





	Data (D.M.Y)
	Area Covered /km2
	Flight Altitude /m
	Resolution

/(cm/pixel)
	Inclination of the Camera

/(°)
	Photos Taken





	28 August 2020
	1.74
	250
	7.06
	90
	463



	1 August 2021
	2.84
	550
	17.61
	90
	133
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Table 3. Comparison of the outlines from UAV and Sentinel2 MSI.
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Glacial Lake

	
Sentinel-2 MSI

	
UAV

	
Error (%)




	
Data

	
Area (km2)

	
Data

	
Area (km2)






	
Jialong Co

	
16 July 2020

	
0.5831

	
28 August 2020

	
0.5921

	
1.52




	
4 September 2021

	
0.4760

	
1 August 2021

	
0.4785

	
0.52
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Table 4. Depth data at validation points.
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Verification Point

	
Depth Data (m)

	
Error (%)




	
USV

	
Manual Survey






	
1

	
128.64

	
117.42

	
9.56




	
2

	
29.23

	
37.83

	
−22.73




	
3

	
4.62

	
4.61

	
0.22




	
4

	
76.18

	
67.40

	
13.03




	
5

	
21.62

	
22.00

	
−1.73




	
6

	
7.21

	
8.50

	
−15.18
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