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Abstract. The interaction between a glacier and its glacial lake plays an increasingly important role in 13 

glacier shrinkage and proglacial lake expansion, and it increases the risk of glacial lake outburst floods 14 

(GLOFs). Longbasaba Glacier is directly contacted by a moraine-dammed lake with a high outburst risk 15 

in the central Himalayas, and has drawn a great deal of attention from scientists and local governments. 16 

Based on Landsat images and in-situ measurements, the evolution records of the shrinkage of 17 

Longbasaba Glacier and the corresponding expansion of its proglacial lake were determined for 18 

1988−2018, and the mass contributions of glacier shrinkage to the increase in lake water volume were 19 

assessed. During the past three decades, Longbasaba Glacier has experienced a continuous and 20 

accelerating recession in glacier area and length but accompanied by the decelerating surface lowing and 21 

ice flow. Consequently, Longbasaba Lake has expanded significantly at an accelerating rate. The glacier 22 

surface lowering played a predominant role in the mass contribution of glacier shrinkage to the increase 23 

in lake water volume, while ice avalanches were the main potential trigger for failure of moraine dams 24 

and subsequent GLOF events. Due to the areal expansion, decreasing mass contributions from parent 25 

glacier shrinkage, and some mitigation measures by local governments to improve the drainage systems, 26 

the potential risk of outburst for Longbasaba Lake has continuously decreased during the last decade. 27 

1 Introduction 28 

Responding to climate warming during recent decades, the main mountain ranges across the world have 29 

exhibited continuous and accelerating glacier shrinkage (Zemp et al., 2015; Brun et al., 2017; Yang et al., 30 

2019). The rapid reduction of mountain glaciers plays an increasingly important role in both the areal  31 

and water volume expansion of glacial lakes (Zhang et al., 2015; Song et al., 2017; Zhang et al., 2017; 32 

Yang et al., 2018), and subsequently, has increased the potential risk and destructiveness of glacial lake 33 

outburst floods (GLOFs) (Wang et al., 2016; Nie et al., 2017). For lake-terminated glaciers with debris-34 

covered tongue, the mass/energy interactions of the thermal regime and ice avalanches between the 35 

glacier front and the lake water result in rapid glacier wastage, which creates subsequent proglacial lake 36 

expansion and is prone to causing an accelerated reduction of the parent glaciers (Carrivick and Tweed, 37 
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2013; Fujita and Sakai, 2014). Eventually, lake-terminated glaciers exhibit more significant shrinkage, 38 

which provides a significant mass budget and increases the risk of GLOFs (Emmer, 2017; Zhang et al., 39 

2019). GLOFs and their accompanying debris flows have become the predominant glacial hazard and 40 

cause ruinous impact on downstream ecosystems, communities, infrastructure, and economic 41 

developments (Fujita et al., 2008; Nie et al., 2018; Zhang et al., 2019). In the Third Pole, the majority of 42 

glacial lakes develop in the Himalayan range, and have experienced an overall areal expansion of ~14% 43 

from 1990 to 2015 (Zhang et al., 2015; Nie et al., 2017). In this region, potentially dangerous glacial 44 

lakes are widely distributed (Wang et al., 2012, 2015), and more than 70 GLOF events have been reported 45 

(Khanal et al., 2015; Veh et al., 2018). Approximately 80% of the reported GLOFs were initiated by an 46 

abundant ice mass suddenly entering a proglacial lake due to ice avalanches on the glacier terminal (Awal 47 

et al., 2010; Nie et al., 2018). 48 

Longbasaba Lake is a typical potentially dangerous glacial lake with a higher outburst risk in the 49 

Himalayas (Wang et al., 2015; Wang et al., 2018). A lake outburst in this location would significantly 50 

threaten the livelihoods and activities of the local people in downstream countries, for example, the 51 

transportation/communication facilities and hydropower stations (Yao et al., 2012). Hence, the evolution 52 

of Longbasaba Glacier/Lake and their mass interactions are necessary in order to assess the prediction of 53 

GLOF events and gain the attention of scientists and local government departments (Wang et al., 2008; 54 

Yao et al., 2012; Nie et al., 2017; Wang et al., 2018). In this study, we aim to assess the mass contribution 55 

of glacier shrinkage to the increase in lake water volume by monitoring the motions of the glacier 56 

terminal and subsequently to extract the ratios of the mass budgets contributed by the ice flow/retreat of 57 

the glacier terminal and the changes in the glacier surface elevations. Finally, the retreat patterns of the 58 

parent glacier and their impacts on the proglacial lake are discussed. 59 

2 Study area 60 

Longbasaba Glacier is contacted by a moraine-dammed lake and located at the source area of the Pumqu 61 

River on the northern slope of the central Himalayas (Fig. 1a). This glacier covered an area of 28.4 km2 62 

in 2010, with a length of 8.7 km and a debris-covered area of 1.06 km2 on the tongue (3.7%) (Guo et al., 63 

2015). There are numerous serac clusters and small supraglacial lakes on the glacier tongue (Fig. 1b). 64 

Many crevasses have formed in the glacier front and commonly cause ice avalanches, which causes ice 65 

floe masses of various sizes over the surface of the proglacial lake (Fig. 1c). Longbasaba Lake is in direct 66 

contact with the parent glacier and remains at a high risk of outburst (Wang et al., 2016). The proglacial 67 

lake had an area of 1.22 km2 in 2009, with a maximum length of 2.210 km from east to west and a 68 

maximum width of 0.685 km from south to north (Yao et al., 2012). According to the in-situ 69 

measurements taken using an echo sounder in 2009, the water level of Longbasaba Lake was 5499 m 70 

and the average and maximum depths were 48 m and 102 m, respectively, with a water volume of 0.064 71 

km3 in 2009 (Yao et al., 2012). The glacier front retreated by 1264 m (40 m a-1) from 1977 to 2009, which 72 

resulted in a glacial lake expansion of 223%. In addition, an accelerating recession of the glacier terminal 73 

(63.8 m a-1) was observed from 2005 to 2009, with a rapid areal expansion rate of 0.040 km2 a-1 for 74 

Longbasaba Lake (Wang et al., 2016). 75 
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 76 
Figure 1. (a) The study area. The outlines of Longbasaba Glacier/Lake were detected from the Landsat OLI image 77 

taken in 17 October 2018. The background of the eagle-eye map was available from Natural Earth. The blue line 78 

shows the location of the ice fall. (b) Crevasses, serac clusters and debris cover occurred over the glacier tongue. 79 

Some ice avalanches could be found at the flank of the glacier terminal. (c) Ice floes widely distributed over the lake 80 

surface. 81 

3 Data and methods 82 

3.1 Glacier reduction and lake expansion 83 

The outlines of Longbasaba Glacier/Lake during the 1988−2018 period were manually generated from 84 

Landsat TM\ETM+\OLI images using pan-sharpening employing principle-component analysis. These 85 

multispectral, multitemporal images are available for free from the United States Geological Survey 86 

(USGS). They are orthorectified with the SRTM DEM and ground-control points from the Global Land 87 

Survey 2005 (GLS2005), with a spatial resolution of 30 m and a WGS1984/EGM1996 coordination 88 

system (Woodcock et al., 2008). The horizontal accuracies of the Landsat images are better than one 89 

pixel to each other or to non-differential GPS data (Bolch et al., 2010; Guo et al., 2015). 90 

In total, 34 Landsat TM\ETM+\OLI images acquired during the investigation period were used in this 91 

study (Tab. 1). The Landsat images covering the region of interest were dramatically affected by frequent 92 

snow and cloud cover. Then, we preferentially choose the Landsat images acquired in September and 93 

October without snow and cloud cover. Other high-quality images acquired in the adjacent months (e.g., 94 

July and August) were used to detect the precise outlines of the glacier and lake when there was no perfect 95 

image from September or October. In addition, scanline errors (SLC-off scenes acquired by the ETM+ 96 

sensor since early summer 2003) also created obstacles in generating the glacier/lake outlines. Then the 97 

SLC-off images were used only to define the positions of the glacier front. 98 
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Table 1. Landsat images utilized to detect the terminal retreat and ice flow of Longbasaba Glacier. Images* with 99 

heavy cloud cover or scanline errors (SLC-off scenes) were just for the position generation of the glacier front. 100 

Date Image ID Sensor  Date Image ID Sensor 

1988/09/12 LT51390411988256BKT00 TM  2003/11/25 LT51390412003329BKT00 TM 

1989/09/23 LT41390411989266XXX01 TM  2004/10/10 LT51390412004284BKT00 TM 

1990/06/14 LT51390411990165BKT00 TM  2005/10/13 LT51390412005286BKT00 TM 

1991/09/21 LT51390411991264BKT00 TM  2006/10/16 LT51390412006289BKT00 TM 

1992/09/23 LT51390411992267BKT00 TM  2007/10/03 LT51390412007276BKT01 TM 

1993/10/12 LT51390411993285BKT00 TM  2008/10/21 LT51390412008295BKT00 TM 

1994/09/29 LT51390411994272ISP00 TM  2009/09/22 LT51390412009265KHC00 TM 

1995/04/09 LT51390411995099BKT01 TM  2010/06/21 LT51390412010172KHC00 TM 

1996/10/20 LT51390411996294ISP00 TM  2011/06/08 LT51390412011159BKT00 TM 

1997/07/03 LT51390411997184BKT01 TM  2013/12/22 LC81390412013356LGN01 OLI 

1998/10/10 LT51390411998283BKT00 TM  2014/10/06 LC81390412014279LGN01 OLI 

1999/05/22 LT51390411999142BKT00 TM  2015/10/09 LC81390412015282LGN01 OLI 

2000/10/15 LT51390412000289BKT01 ETM+  2016/10/11 LC81390412016285LGN01 OLI 

2001/10/26 LE71390412001299SGS00 ETM+  2017/10/30 LC81390412017303LGN00 OLI 

2002/10/29 LE71390412002302SGS00 ETM+  2018/10/17 LC81390412018290LGN00 OLI 

1995/07/30 LT51390411995211BKT00* TM  2012/10/08 LE71390412012282PFS00* ETM+ 

2010/10/03 LE71390412010276SGS00* ETM+  2013/10/11 LE71390412013284SG100* ETM+ 

 101 

Subsequently, the areal variations in Longbasaba Glacier/Lake during the investigation period were 102 

generated, and the main flowlines were extracted to assess the changes in the glacier length. By 103 

combining the variations in the position and shape of the glacier front during specific periods, the patterns 104 

of the terminal motions were assessed, including terminal retreat and ice avalanches. The changes in the 105 

surface elevation of Longbasaba Glacier were extracted from the High Mountain Asia Gridded Glacier 106 

Thickness Changes from Multi-sensor DEMs, Version 1 (HMA_Glacier_dH) during two subsequent time 107 

periods of 1975−2000 and 2000−2016 (Maurer et al., 2018). This data was extract based on a series of 108 

stereo scenes from KH-9 HEXAGON in 1975 and ASTER data acquired from 2000 to 2016 by fitting 109 

robust linear trends. The data used is available for free from National Snow and Ice Data Center (NSIDC), 110 

with a horizontal resolution of 30 m. The asserted accuracy of the full data is ± 0.42 m a-1 as derived 111 

from the non-glacier terrain (Maurer et al., 2018). Nevertheless, we obtained a higher accuracy of ± 0.04 112 

m a-1 for the two investigation periods using the method of Burn et al. (2017). 113 

3.2 Characteristics of glacier surface velocity 114 

The Landsat images described above were also used to extract the glacier surface velocity field from 115 

image pairs based on cross-correlation feature tracking processing using the free software module Co-116 

registration of Optically Sensed Images and Correlation (COSI-Corr) (Leprince et al., 2007; Gantayat et 117 

al., 2014; Ruiz et al., 2015; Ayoub et al., 2017). A co-registered image pair containing two Landsat images 118 

was iteratively cross-correlated on sliding windows. Finally, two horizontal ground offset fields 119 
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(East\West and North\South) and a signal-to-noise ratio (SNR) were calculated for each pixel. The SNR 120 

value reflects the quality of the registration. The surface velocity of an individual pixel was subsequently 121 

generated by combining two horizontal offsets with a higher SNR threshold of >0.95. 122 

The mean surface velocity of the glacier (MSVG) was extracted over the glacier terrain with a 123 

maximum displacement threshold of 50 cm d-1. In addition, the mean surface velocity of the glacier 124 

tongue (MSVT) was generated by averaging the velocities with the same threshold of pixels over the 125 

glacier tongue region with an altitude of less than 5650 m where ice fall occurred for Longbasaba Glacier. 126 

Unfortunately, there was no perfect Landsat pair to extract the glacier surface velocity for 2012, so the 127 

surface velocity from 2011−2013 was calculated instead using the individual velocity maps for 128 

2011−2012 and 2012−2013. Finally, the extra-annual characteristics of the MSVG and MSVT were 129 

detected and discussed. 130 

The monthly mean velocities indicate that the intra-annual variations in ice flow and were analyzed 131 

from the GoLIVE (Global Land Ice Velocity Extraction from Landsat 8, Version 1) data set with a time 132 

difference of 16 days during 2013−2019. The GoLIVE data set contains the glacier surface velocities 133 

with a spatial resolution of 300 m and is available for free from the National Snow and Ice Data Center 134 

(NSIDC) (Scambos et al., 2019). This data set was extracted using COSI-Corr and Landsat 8 135 

panchromatic images obtained from 2013 to present (Fahnestock et al., 2015), and provides the glacier 136 

surface velocities with a time interval of multiples of 16, for example, 16, 32, 48, and 64 days, with 137 

accuracies ranging between ~1 m d-1 to 0.02 m d-1. In this study, we used a total of 55 ice velocity tiles 138 

during the period of 2013-10-20 to 2019-1-6 to analyze the intra-annual characteristic of the surface 139 

velocities of Longbasaba Glacier. However, the surface velocity values from June to September were not 140 

enough to exhibit the ice flow pattern. Then, a quadratic polynomial fitting was performed to assess the 141 

ice flow during specific months, and the horizontal movements of the glacier during different seasons 142 

were determined. 143 

3.3 Basin morphology and water volume of the glacial lake 144 

In-situ measurements of the water depths of Longbasaba Lake were taken in September 2009 using a 145 

comprehensive measuring system containing an echo sounder and a GPS receiver (Yao et al., 2012). A 146 

total of 39, 558 echo sounder points with positions were collected. In addition, another 33 random points 147 

were obtained using a measuring rope to evaluate the accuracy, which indicated an error of less than 2 m 148 

for the water depth measurements. 149 

Combining the water depth measurements and the lake boundary in 2009, the depth of each pixel 150 

within the lake basin was obtained using the ordinary Kriging interpolation Method. In the Himalayas, 151 

the majority of lake expansions occur with ignorable fluctuations of lake water level (Song et al., 2017; 152 

Zhang et al., 2017), and thus, we assume that the water level of Longbasaba Lake remained stable during 153 

the investigation period at the constant water level of 5499 m, which was measured by Yao et al. (2012). 154 

Subsequently, the basin morphology of Longbasaba Lake in 2009 was reconstructed. 155 

Since Longbasaba Glacier is a typical, huge valley glacier with a flat tongue, we assume that the 156 

hypsography of the lake basin could approximately indicate the topography of the glacier bed close to 157 
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the terminal. Previous studies have revealed that large glacial lakes only form in areas where the glacier 158 

surface gradient is less than 2⁰ (Reynolds, 2000; Quincey et al., 2007). Thus, in this study, the contour 159 

lines of the lake basin (interval of 20 m) were extracted and were subsequently extrapolated to the lake 160 

basin with the maximum area in 2018 and a gradient of 2⁰. Finally, the basin morphology of the proglacial 161 

lake in 2018, which has a spatial resolution of 30 m, was reconstructed based on these contour lines, 162 

water depth measurements, and the lake boundary. Based on the basin morphology and lake boundaries 163 

for the different years, the lake water volumes in each year, V𝑙 , were estimated using the following 164 

equation: 165 

V𝑙 = ∑ ℎ𝑙
𝑖𝑁𝑙

𝑖=1 𝑠,                                                                    (1) 166 

where 𝑁𝑙 is the pixel number within the lake polygon in each year, ℎ𝑖
𝑙  is the depth of the individual 167 

pixel, and s is the area of an individual pixel with a value of 900 m2. 168 

3.4 Mass contributions of glacier wastage to lake water volume 169 

 170 

Figure 2. Mass budgets contributed by the glacier wastage to the lake water volume. Ls is the glacier front in the 171 

first year, and Le is the glacier front after retreat in the second year. Ve is the glacier volume loss contributed by the 172 

glacier surface lowing, Vf and Vr are the ice losses contributed by the ice flow and terminal retreat, respectively. 173 

Due to the effects of climate warming and the formation of proglacial lakes, the mass wastage of lake-174 

terminated glaciers predominantly results from ice melt and avalanches and is characterized by terminal 175 

retreat and surface lowering (Fig. 2). Consequently, the impacts of glacier change on lake water volume 176 

can be divided into two portions: mass contribution from terminal motions, Mt, and mass contribution 177 

that is not from terminal motions, Mnt. The former can be further divided into two phases: terminal 178 

advance due to the ice flow of the glacier tongue and synchronous terminal retreat due to ice melt and 179 

avalanches from the glacier front. Eventually, the impact of the glacier wastage on the lake water volume 180 

can be classified into three synchronous components of mass budgets contributed by: (i) ice flow, Vf; (ii) 181 

terminal retreat, Vr; and (iii) changes in the surface elevation over the area higher than Le, Ve (Fig. 2). 182 

Then, the mass contributions of the glacier changes to the lake water volume were calculated using the 183 

following equation: 184 

𝑀𝐺 = 𝑀𝑡 +𝑀𝑛𝑡 = (𝑉𝑓 + 𝑉𝑟)𝜌𝑖𝑐𝑒 + 𝑉𝑒𝜌𝑔𝑙𝑎 ,                                              (2) 185 

where 𝜌𝑖𝑐𝑒 is the density of the ice in the glacier tongue, and a constant value of 900 kg m-3 was used 186 

for the ice-to-mass conversation, as recommended by Kääb et al. (2012). 𝜌𝑔𝑙𝑎 is the average density of 187 

the glacier for a long-time scale estimation, with a value of 850 ± 60 kg m-3 (Huss, 2013). 188 
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The ice volume contributed by the ice flow of the glacier terminal could be estimated using the 189 

following equation: 190 

𝑉𝑓 =
𝑣𝑡

𝑅
∑ ℎ𝑠

𝑖𝑁𝑓
𝑖=1

𝑠,                                                                  (3) 191 

where v is the average surface velocity of the glacier tongue; t is the interval of the investigation periods; 192 

R is the spatial resolution of the pixel; 𝑁𝑓 is the pixel number within the profile of the glacier front; and 193 

ℎ𝑠
𝑖  is the glacier thickness for an individual pixel in the previous year. The glacier bottom layer flows 194 

slower than the upper layer, with a speed of about 30-80% of the surface velocity (Perutz, 1949; Mathews, 195 

1959; Harper et al., 2001; Copland et al., 2003). In this study, we chose 70% of the MSVT as the value 196 

of v. The thickness of the glacier terminal could be calculated by comparing the elevations of the surface 197 

and the bed of the glacier front in a specific year. The surface elevation of Longbasaba Glacier in 1980 198 

was extracted from the 1:50,000 Chinese historical topographic map (Wei et al., 2015; Wu et al., 2018). 199 

By combining the position and bed elevation of the glacier front, the thicknesses of the glacier front from 200 

1988 to 2018 were generated and modified using the average surface-lowering rate of the glacier tongue, 201 

which were extracted from HMA_Glacier_dH data described in Sect. 3.1 with the values of 202 

approximately -0.89 ± 0.04 m a-1 during 1975−2000 and -2.04 ± 0.04 m a-1 during 2000−2016. 203 

The mass volume contributed by the retreat of the glacier front was evaluated using the following 204 

equation: 205 

𝑉𝑟 = ∑ ℎ𝑠
𝑖𝑁𝑟

𝑖=1 𝑠 ,                                                                     (4) 206 

where 𝑁𝑟 is the number of pixels over the terrain between the profiles of Ls and Le. The changes in the 207 

ice volume contributed by lowering of the surface elevation, 𝑉𝑒, can be estimated using the following 208 

equation: 209 

𝑉𝑒 = ℎ∆̅̅ ̅𝑠𝑔,                                                                        (5) 210 

where 𝑠𝑔 is the glacier area; and ℎ∆̅̅ ̅ is the average lowering rate of the glacier surface higher than Le. 211 

The mean changes in glacier surface elevation during the two periods of 1975−2000 and 2000−2016 212 

were extracted from the HMA_Glacier_dH data set. 213 

3.5 Accuracy analysis 214 

The geolocation errors of the pixels on the glacier/lake boundaries generated through a careful manual 215 

approach that can be controlled with a subpixel accuracy of approximately 0.5 pixels. The accuracies of 216 

the generated area are defined by the buffer around the glacier/lake perimeters and are equal to 0.5 pixels 217 

multiplied by the pixel number within the perimeters and the spatial resolution of the images. According 218 

to pan-sharpening employing principle-component analysis, Landsat TM\ETM+\OLI images can exhibit 219 

an optimized usage with a spatial resolution to 15 m (Wu et al., 2018). Thus, the uncertainties in the 220 

generated area of the glacier and lake are ~1% and ~28%, respectively. The accuracy of the main flowline 221 

length was also controlled within 0.5 pixels (~± 8 m). 222 

Based on the assumption that the outline of the glacier accumulation zone remained stable during the 223 

investigation period, the areal measurements were compared to assess the image-image evolution of the 224 

glacier and lake. The errors in the areal changes in the glacier and lake were relatively small for a control 225 
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approach and can be evaluated using the flowing equation (Krumwiede et al., 2014; Haritashya et al., 226 

2018): 227 

𝑒𝑎𝑐 = 𝑛 ∗ 𝑅2 √𝑚⁄  ,                                                                  (6) 228 

where 𝑛 and 𝑚 are the numbers of pixels and vertices, respectively, of the digital polygon defining the 229 

change in the area during the specific period. Finally, the accuracy of the changes in the glacier and lake 230 

areas was approximately ± 0.003 km2. 231 

The water volume was calculated by multiplying the lake depth and area, and then, the accuracy of the 232 

estimated water volume was assessed using error propagation. The interpolated accuracy of the lake basin 233 

depth is ± 4.87 m, which was obtained by comparing the interpolated points and the in-situ measurements. 234 

Considering the accuracy in the lake depth was less than 2 m based on in-situ measurements, the final 235 

accuracy of the lake basin depth is ± 5.26 m. 236 

According to the error propagation, the accuracies of the mass contributions from the glacier terminal 237 

motions and surface lowering were controlled by the errors in the glacier surface velocities, thicknesses, 238 

and thinning rates. The estimation accuracy of the surface velocity was determined from non-glacier and 239 

stable terrain in the investigated region, in order to eliminate the influence of bedrock movements. The 240 

uncertainty in the glacier thickness was determined by the elevations of the glacier surface and the lake 241 

basin. Both the accuracies of the topographic maps and the elevation lowering rate of the glacier tongue 242 

determined the precision of the elevations of the glacier surface. The error in the lake depth was used to 243 

assess the accuracy of the lake basin. The uncertainty in the glacier thinning rate and the elevation 244 

lowering rate of the glacier tongue, depend on the precision of the HMA_Glacier_dH data set, which is 245 

approximately equal to ± 0.04 m a-1 for the two periods of 1975−2000 and 2000−2016. 246 

4 Results 247 

4.1 Glacier retreat and lake expansion 248 

Longbasaba Glacier has experienced continuous and accelerating areal recession during 1988−2018, with 249 

an inhomogeneous tendency toward terminal retreat in the different phases (Fig. 3). Overall, the glacier 250 

area has decreased by 0.988 ± 0.093 km2 since 1988, and had decreased to 29.551 ± 0.308 km2 by 2018 251 

with a mean decrease ratio of 3.23% (0.11% a-1) during the past 30 years. Due to the parent glacier 252 

degradation in area, Longbasaba Lake has expanded from 0.604 ± 0.209 km2 in 1988 to 1.591 ± 0.389 253 

km2 in 2018, with an increasing ratio of 164% relative to the lake area in 1988. Before 2008, the glacier 254 

area decreased with a dramatic fluctuation (Fig. 3). The greatest area loss occurred from 1993 to 1994, 255 

causing an area of 0.089 ± 0.003 km2 (0.29%) to disappear based on the total glacier area in 1993. During 256 

the periods of 2000−2001 and 2003−2004, this glacier also experienced the most significant recession, 257 

with areal changes of 0.078 ± 0.003 km2 and 0.076 ± 0.003 km2, respectively. However, the total area of 258 

Longbasaba Glacier decreased by less than 0.05 km2 during the other periods before 2008. In particular, 259 

during the periods of 1988−1989, 1989−1990, 1991−1992, 1994−1995, and 2004−2005, this glacier 260 

remained nearly stable with an area loss of less than 0.01 km2. Longbasaba Glacier has retreated with a 261 

relatively stable ratio during the recent decade, and the range of areal recession has varied from 0.026 ± 262 
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0.003 to 0.044 ± 0.003 km2. Overall, the glacier has experienced accelerating shrinkage with a mean 263 

areal recession rate of 0.032 ± 0.003 km2 a-1. Nevertheless, a decelerating tendency of glacier 264 

degeneration in the area occurred during the most recent decade, but with a mean area loss rate of 0.035 265 

± 0.003 km2 a-1, which is greater than the overall mean recession rate from 1988 to 2018. 266 

The length of the main flowline of Longbasaba Glacier was 8274 ± 8 m in 2018, and decreased by 267 

1577 ± 11 m (52.6 ± 0.4 m a-1) from 1988 to 2018, with a mean recession ratio of 16.01% (0.53% a-1) 268 

relative to its length in 1988. The decreasing trend in length is similar to that of the glacier area (Fig. 3), 269 

that is, the fluctuation in the changes during the last decade was significantly smoother than that during 270 

1988−2008. The most dramatic length recessions occurred during the periods of 1993−1994, 2000−2001, 271 

and 2003−2004 when the glacier experienced a length retreat of >180 m a-1. Nevertheless, the main 272 

flowline showed a slight change in the length within a pixel or remained nearly stable in the other periods 273 

before 2008. From 2008−2018, the differences between the length changes were less than 22 m (55 ± 274 

11−76 ± 11 m), except for the periods of 2014−2015 (32 ± 11 m) and 2017−2018 (42 ± 11 m). Overall, 275 

the glacier experienced an increase in length recession during 1988−2018, similar to the trend in areal 276 

recession, but with a higher mean length retreat (58.1 ± 1.1 m a-1) than the period of 1988−2008 (49.8 ± 277 

0.6 m a-1). However, a slight decrease in the length recession rate was observed during the last decade. 278 

The geodetic estimation from the HMA_Glacier_dH data set reveals continuous, decelerating mass 279 

wastage for Longbasaba Glacier. Overall, the glacier surface elevation has decreased by -0.34 ± 0.04 m 280 

a-1 from 1975 to 2016. The lowering rate of the glacier surface was -0.38 ± 0.04 m a-1 from 1975 to 2000, 281 

contributing a total mass loss of 0.128 ± 0.014 km3 from 1988 to 2000. Based on the variations in the 282 

glacier area, the thinning rate slightly decreased to -0.28 ± 0.04 m a-1 from 2000 to 2016, releasing an 283 

approximate mass budget of 0.138 ± 0.020 km3 during 2000−2018. Finally, Longbasaba Glacier has 284 

exhibited an average mass balance of -0.27 ± 0.04 m w.e. a-1 during the investigation period. In contrast, 285 

the glacier tongue has experienced an accelerating lowering in surface elevation from 1975−2016, with 286 

higher thinning rates ranging from -0.89 ± 0.04 m a-1 before 2000 to -2.04 ± 0.04 m a-1 from 2000 to 287 

2016. 288 

 289 

Figure 3. Comparison between changes in the area and length of Longbasaba Glacier during 1989−2018. The 290 

changes in the glacier length was detected by combining the main flowline and front potions of the glacier. The 291 

changes in the glacier area was estimated just by considering the motions of the glacier terminal. 292 
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It should be noted that the flanks of the glacier terminal retreated at a different rate than the center 293 

before 2008, while the rates of the flanks and the center of the glacier were similar from 2008 to 2018 294 

(Fig. 4). This is manifested by the fact that the amplitude and phase of the fluctuations in the changes in 295 

the glacier area and length were not completely synchronous, and this mismatch indicates the specific 296 

patterns of terminal retreat in different periods. For example, the fact that the glacier area decreased 297 

significantly while the main flowline remained nearly stable means that the center of the glacier terminal 298 

has experienced a slight retreat, while a huge area loss occurred on the flanks, which means that large-299 

scale ice avalanches at the flanks of the terminal were the main characteristics of the terminal retreat 300 

during this period. By comparing the retreat amplitudes of the changes in the glacier area and length, the 301 

patterns of terminal retreat were divided into three categories (Fig. 5): 302 

1) The area and length simultaneously and significantly decreased, for example, in 1993−1994, 303 

2000−2001, and 2003−2004, huge ice avalanches occurred at the center of the glacier terminal 304 

2) The area retreated significantly with nearly stable length, for example, in 1990−1991,1999−2000, 305 

20001−2003, and 2005−2007, huge ice avalanches occurred at the flanks of the glacier terminal 306 

3) The area and length decreased with similar fluctuation, for example, in 2009−2018, the glacier 307 

terminal retreated as a whole due to small-scale ice avalanches 308 

 309 

Figure 4. Variations in the front positions of Longbasaba Glacier generated from Landsat images during 1988−2018. 310 

The background map is the Landsat OLI image taken in 17 October 2018. The white line shows the main flowline 311 

of Longbasaba Glacier and exhibits the characteristic of changes in glacier length combined with the positions of 312 

the glacier front. 313 
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 314 

Figure 5. Three categories representing different patterns of terminal retreat of Longbasaba Glacier in specific 315 

periods. The background maps are Landsat TM\OLI images taken in 1994, 2007, and 2017, respectively. (a) shows 316 

the Category 1, with huge ice avalanches occurred at the center of the glacier terminal. (b) shows the Category 2, 317 

with huge ice avalanches occurred at the flanks of the glacier terminal. (c) shows the Category 3, with a whole 318 

terminal retreat for the glacier terminal. 319 

These three categories of patterns of terminal retreat reveal different processes of ice masses entering 320 

the proglacial lake from the glacier terminal. Categories 1 and 2 suddenly release numerous ice masses 321 

accompanied by debris cover into the glacial lake and potentially cause huge waves, which put pressure 322 

on the moraine dams and increase the failure risk of the moraine-dammed lake. In contrast, category 3 323 

releases small-scale ice avalanches with an insignificant mass budget from the glacier terminal, which 324 

would not obviously increase the risk of GLOFs for Longbasaba Lake. 325 

4.2 Characteristics of the glacier surface velocity 326 

The MSVG shows a decreasing trend during 1989−2018, with a similar trend for both the glacier and the 327 

glacier tongue (Fig. 6). The MSVT was 4.95 ± 1.03 cm d-1 during the investigation period, which is 328 

significantly greater than the MSVG (3.55 ± 1.03 cm d-1), but it decreased more significantly later. 329 

The fluctuation in the variations in the MSVT during the different periods was significant and was 330 

much greater than that of the MSVG, but both experienced synchronous fluctuations. The MSVTs were 331 

higher than the MSVGs during 1988−2018, except for 1989−1990 and 1997−1998, during which the 332 

MSVGs were slightly higher than the MSVTs. Consequently, a gentler fluctuation in the MSVG was 333 

found, according to the less significant fluctuation in the surface velocity of other zones compared to the 334 

glacier tongue. The trend in the changes in the MSVG does not agree with the changes in the glacier area 335 

and length, with correlation coefficients of less than 0.3. This reveals that the relationship between ice 336 

flow and the reductions in the glacier area and length is not clear. 337 
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 338 

Figure 6. Mean surface velocities for the whole glacier (MSVG) and glacier tongue (MSVT) during the investigation 339 

period of 1989−2018. The blue and red dotted lines were given by the linear fitting method and show the decelerating 340 

ice flow for Longbasaba Glacier. 341 

 342 

Figure 7. Intra-annual variations in the surface velocities of Longbasaba Glacier generated using GoLIVE. The black 343 

points show the mean velocities in the middle of 16 days. The values of 16-day velocities in summer and autumn 344 

were rare. The monthly mean velocities in summer and autumn were interpolated by applying the quadratic 345 

polynomial fitting method (blue dotted curve) based on the monthly mean velocities in spring and winter. 346 

The seasonal MSVGs were calculated using GoLIVE (Fig. 7). The MSVGs were distributed 347 

predominantly in winter and spring (from October to May in the next year). Then, by applying a quadratic 348 

polynomial fitting, we assessed the MSVGs in summer and autumn (from June to September). The fastest 349 

ice flow occurred in summer (May, June, and July), and the velocity of the glacier surface decreased in 350 

spring (February, March, and April) and autumn (August, September, and October), with a flow rate of 351 

86% and 89% of the summer velocity, respectively. The slowest glacier surface movements occurred in 352 

winter (November, December, and January in the next year) when the ice flowed at a ratio of just 62% 353 

and 73% compared to the MSVGs in the summer and the annual average velocity, respectively. 354 

4.3 Changes in the water volume of the glacial lake 355 

Based on the estimated basin morphology of Longbasaba Lake (Fig. 8a), the maximum depth of the 356 

glacial lake was 99.52 ± 5.26 m in 2018. A continuously increasing trend in the mean depth of the glacial 357 

https://doi.org/10.5194/tc-2019-259
Preprint. Discussion started: 13 January 2020
c© Author(s) 2020. CC BY 4.0 License.



 13 / 27 

 

lake before 2010 was accompanied by a slight decrease during the last decade, due to an elevation rise 358 

with a slight slope and the narrower width of the lake basin. 359 

 360 

Figure 8. (a) Basin morphology of Longbasaba Lake reconstructed based on the echo sounder points in 2009 and 361 

the lake boundary in 2018. The background map is the Landsat OLI image taken in 2018. The basin morphology 362 

within the lake boundary in 2009 was generated directly from the in-situ measurement points and the other part was 363 

extrapolated. The deepest point (5400 m) is located at the center of the glacier terminal in 1988. (b) Volume changes 364 

of Longbasaba Lake estimated based on the basin morphology and changes in the lake boundary during 1988-2018. 365 

Combing the lake depth and outlines, the water volume of the glacial lake approached a maximum 366 

value of 0.080 ± 0.022 km3 in 2018. The water volume of the proglacial lake has increased by 233% 367 

(0.002 ± 0.001 km3 a-1) from 1988 to 2018. The most significant expansions in the lake volume occurred 368 

in the three periods of 1993−1994, 2000−2001, and 2003−2004, with expansion rates of >0.005 km3 a-1. 369 

These periods agree with the time when the glacier front retreated as described by Category 1. In addition, 370 

the studied lake experienced insignificant changes (< 0.0005 km3 a-1) in water volume during the periods 371 

of 1989−1990, 1991−1992, 1994−1995, 1998−1999, and 2004−2005. According to the dramatic 372 

fluctuation in the variations in the changes in the glacier area, the differences in the lake volume during 373 

different periods were significant before 2008 (Fig. 8b). However, the increasing water volume slowed 374 

slightly from 2008 to 2018. 375 

4.4 Mass contributions of glacier shrinkage to lake water volume 376 

The mass budget of glacier motions was predominantly contributed by the glacier surface lowering (Fig. 377 

9). The change in the glacier surface elevation contributed more than 80% of the total mass contributions 378 

from glacier reduction including ice melt and avalanches. In particular, from 1989 to 1990, more than 379 

90% of the mass budget resulting from glacier shrinkage was contributed by elevation changes in the 380 

glacier surface. During 1993−1994, 2000−2001, and 2003−2004, when Longbasaba Glacier retreated as 381 

described in Category 1, the proportions of the mass contributions from the lowering of the glacier 382 

surface decreased to approximate 50%, which suggests that the mass contributions from the glacier 383 

motion have increased during these periods. According to the decrease in the glacier area and surface 384 

lowering rate, the mass wastage from the changes in the glacier surface elevation continuously decreased 385 

by 30%, from 0.0099 ± 0.0011 km3 during 1988−1989 to 0.0070 ± 0.0011 km3 during 2017−2018. As 386 

the glacial lake expanded continuously, the ratio of the mass contribution from lowering of the glacier 387 
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surface to the lake volume has decreased significantly, from 41% during 1988−1989 to 9% during 388 

2017−2018, and it exhibits a decreasing trend with a greater slope before 2000 than in the last decade. 389 

Mass contributions from ice flow from the glacier terminal were approximately 10% of those due to 390 

lowering of the surface elevation, followed by an obvious fluctuation with an average mass budget of 391 

0.0008 ± 0.0002 km3 during the investigation period. In particular, during 1994−1995, 1996−1997, and 392 

2003−2004, the fastest ice flow resulted in the most mass wastage (more than 0.0015 km3). Overall, a 393 

slight decrease occurred in the mass contributions from ice flow during the last 30 years. The ratios of 394 

the ice flow contribution to lake volume were less than 5% during 1989−2018, which was accompanied 395 

by a slight decrease with significant fluctuations. In addition, the ratios during the last decade were less 396 

than 1%, except during 2009−2010 and 2010−2012. These results suggest that ice flow from the glacier 397 

terminal played a slight role in increasing the water volume of the proglacial lake. 398 

Responding to huge fluctuations in areal changes in Longbasaba Glacier during the investigation 399 

period, the mass budgets resulting from the retreat of the glacier front varied significantly, with an 400 

average mass contribution of 0.0021 ± 0.0003 km3, ranging from 0.0076 ± 0.0005 km3 during 1993−1994 401 

to nearly zero during 1989−1990 and 2004−2005. The terminal retreats according to the pattern of 402 

category 1, contributing a significantly greater mass budget to the lake volume than the other patterns, 403 

with mass contributions of > 0.0065 km3 and ratios of >10% to the lake volume. In addition, the mass 404 

contributions from the retreat of the glacier front as described in categories 2 and 3 were 405 

indistinguishable. 406 

Overall, glacier shrinkage released an average mass of 0.0111 ± 0.0016 km3 into the glacial lake with 407 

a slightly decreasing trend. The most mass contributions occurred during 1993−1994, 2000−2001, and 408 

2003−2004, when the glacier terminal retreated as described in category 1; while glacier shrinkage as 409 

described in category 2 contributed a larger mass budget relative to Category 3. During the last decade, 410 

the ratios of glacier change to lake volume were less than 16% with a mass wastage of less than 0.010 411 

km3. These results indicate that ice avalanches from the glacier terminal were an important source for 412 

lake expansion and were the predominant factor in the rapid mass wastage of the lake-terminated glacier. 413 

 414 
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Figure 9. Mass contributions (a) and ratios (b) of different patterns of glacier shrinkage to glacial lake water volume 415 

during 1989−2018. The black lines show the total mass contributions and ratios of glacier shrinkage to lake water 416 

volume. 417 

5 Discussion 418 

5.1 Uncertainty in the estimated mass contributions of glacier shrinkage to lake water volume 419 

The variations in lake water volume were estimated based on the assumption that the proglacial lake 420 

experienced a negligible interannual change in water level during the investigation period. This ideal 421 

assumption is consistent with that made in previous studies. From 2003 to 2009, an insignificant average 422 

increase rate of 0.21 m a-1 was found in lake levels over the Third Pole based on ICESat altimetry data 423 

(Zhang et al., 2011; Zhang et al., 2017). The glacial lakes in the Himalayas exhibited no statistical 424 

variations in water level during the last decade based on the ICESat and CryoSat-2 data, although debris-425 

contacted proglacial lakes have a slightly higher average increase rate of 0.8 m a-1 (Song et al., 2017). 426 

For proglacial lakes with the stable moraine dam and outlet, their small fluctuations in water level are 427 

ascribed to natural outflow regulations (Song et al., 2017). Based on several in-situ measurements, the 428 

water level of Longbasaba Lake showed an insignificant fluctuation (Yao et al., 2012; Wang et al; 2018). 429 

According to the mean lake depth of ~50 m, a mean change of 0.8 m a-1 in lake water level could 430 

contribute errors of ~1.5% relative to the estimated water volume in this study. 431 

Mass wastage from lake-contacted glacier is composed of three components: evaporation/sublimation 432 

into the air, infiltration into the ground, and ice melt/avalanche into the proglacial lake. Mass budgets 433 

determined without considering the first two components would overestimate the mass contributions of 434 

the glacier changes to the lake water volume. Nevertheless, for glaciers developed in high mountain 435 

regions, the groundwater system and evaporation/sublimation in the glacier zone has a negligible impact 436 

on glacier hydrology and water resources relative to ice melt and avalanches (Kang et al., 1999; Brock 437 

et al., 2010; Liu et al., 2010; Zhang et al., 2012). Consequently, the methods used in this study, that is, 438 

ignoring evaporation/sublimation and infiltration, are reasonable and can be used to precisely reconstruct 439 

the mass contribution series of glacier degeneration to proglacial lake water volume. 440 

Without considering the impacts of hypsometry and local topography, a mean lowering rate of -3.9 m 441 

a-1 was found for the glacier front elevation in the Himalayas (Song et al., 2017). In this study, we 442 

determined the glacier front elevation by combing the front position and the surface lowering rate and 443 

determined a precise series of elevations for the glacier front. Nevertheless, the mean surface lowering 444 

rate of the glacier tongue was used to indicate the elevation changes in the glacier front where the surface 445 

elevation commonly decreased with a higher ratio than in other locations. The assessed thicknesses of 446 

the glacier fronts were slightly overestimated in this study, which subsequently resulted in an 447 

overestimation of the mass contribution of the terminal motions. 448 
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5.2 Mechanism of the variations in lake-terminated glacier shrinkage 449 

The rapid mass wastage of glaciers causes rapid expansions of the glacier-contacted lakes (Fujita and 450 

Sakai, 2014; Immerzeel et al., 2014), which could expedite ice mass loss for parent glaciers (Gardelle et 451 

al., 2013; King et al., 2017). This is supported by the fact that proglacial lakes in the Himalayan range 452 

have experienced a rapid expansion extent of 36.5% during 2000−2014, which is more dramatic than 453 

that of other glacial lakes (Song et al., 2017). The lake-terminated glacier also showed an accelerating 454 

and greater mass melt than other glaciers, with mean glacier thickness changes of -0.65 ± 0.04 m a-1 455 

during 1974−2000 and -0.80 ± 0.05 m a-1 during 1974−2000 in the Poiqu River Basin (Zhang et al., 456 

2019). Nevertheless, Longbasaba Glacier has experienced an accelerating area decrease but accompanied 457 

by a decelerating and moderate glacier surface lowing. 458 

Glaciers in the Himalayas are more sensitive to climate change than glaciers in other mountain ranges 459 

with higher annual temperatures, for example, Karakoram. In particular, a more significant response was 460 

found in the central Himalayas than in the western Himalayas and Karakoram (Fujita, 2008; Sakai et al., 461 

2015). Most glaciers in the central Himalayas received their maximum accumulation in summer because 462 

of high monsoonal precipitation and high elevations (Ageta and Higuchi, 1984; Yao et al., 2012; Azam 463 

et al., 2018). Temperatures in the central Himalayas have increased significantly since 1960. A warming 464 

rate of 0.024 ± 0.004⁰C a-1 was observed at Nyalam station during 1967−2017, followed by a decrease 465 

in precipitation of -0.76 ± 1.34 mm a-1 during 1960−2013 with a heterogeneous pattern (Zhang et al., 466 

2019). Throughout the Himalayas, the observed glacier wastage is consistent with increasing temperature 467 

and decreasing precipitation (Azam et al., 2018). Along the Himalayan range glacier areal recession was 468 

more moderate than overall throughout High Mountain Asia over the last five to six decades, with a high 469 

variability in rates ranging from -0.07% a-1 to -1.38% a-1 and a mean retreat rate of -0.36% a-1 for 470 

1960−2010 (Cogley, 2016; Azam et al., 2018). The average mass balance estimated using the geodetic 471 

method was less negative over the Himalayas than the global mean (Kääb et al., 2012; Gardelle et al., 472 

2013), exhibiting a mass loss of -0.37 m w.e. a-1 between 1962−2015 (Azam et al., 2018). The central 473 

Himalayas have more gentle mass wastage than other regions in the Himalayas (Gardelle et al., 2013; 474 

King et al., 2017). In the Poiqu River Basin in the central Himalayas, glacier area has decreased by -0.52 475 

± 0.05% a-1 during 1964−2000 and increased to -0.72 ± 0.08% a-1 after 2000 (Zhang et al., 2019). For 476 

glacier surface elevation, an overall decrease of -0.38 ± 0.18 m a-1 occurred during 1974−2000, 477 

accompanying a more negative rate of -0.40 ± 0.14 m a-1 during 2000−2017 (Zhang et al., 2019).  478 

Nevertheless, compared to other lake-terminated glaciers in the central Himalayas, Longbasaba Glacier 479 

showed a specific response to climate change under the same pattern of climate change conditions, which 480 

suggests that other factors besides climate change play an important role in glacier recession. 481 

Debris cover affects glacier mass budgets by controlling the heat conduction mechanism over the 482 

glacier surface, which depends on its thickness and the nature of the debris cover (Potter et al., 1998; 483 

Konrad et al., 1999; Brock et al., 2010; Reid and Brock, 2010; Lambrecht et al., 2011; Nicholson and 484 

Benn, 2013). However, several previous studies have determined that the surface-lowering rates of 485 

debris-free glaciers and debris-covered glaciers were accompanied by similar amounts of mass wastage 486 

in response to climate change (Kääb et al., 2012; Nuimura et al., 2012). In addition, the mass reduction 487 
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of debris-covered glaciers is predominantly manifested as surface lowering without significant frontal 488 

retreat (Rowan et al., 2015; Banerjee, 2013). The internal ablation over the debris-covered tongue, for 489 

example, enlargement of englacial conduits, has a direct and/or indirect effect on the mass budgets 490 

through ice melt and collapse on the surface (Thompson et al., 2016; Benn et al., 2017). For lake-491 

terminated glaciers with debris-covered tongues, fine-grained thick and intact debris cover insulates the 492 

ice from solar radiation, but this effect could be counteracted by significantly enhanced interaction 493 

between the glacier and lake in thermokarst features (Sakai et al., 2002; Buri et al., 2016; Miles et al., 494 

2016; Watson et al., 2016). Under the same climate change conditions, Longbasaba Glacier showed a 495 

decreasing mass wastage during recent decades, which was followed by a contrary trend in the glacier 496 

tongue. Consequently, the debris cover of the Longbasaba Glacier played an important role in the rapid 497 

recession of the glacier tongue, but a further dynamic study is needed to assess the effect of the process. 498 

Glacier surface velocities fluctuate with mass budgets at the decadal scale (Span and Kuhn, 2013; 499 

Dehecq et al., 2018). The ice flow of the glaciers in High Mountain Asia has commonly decreased, and 500 

a dramatic decreasing amplitude occurred in the Himalayas (Dehecq et al., 2018). In the Poiqu River 501 

Basin, the majority of lake-terminated glaciers exhibited faster ice flow than the other glaciers, which 502 

was followed by heterogeneous variations controlled by the topographic features of the glacier terminal 503 

(Zhang et al., 2019). This overall decrease in ice flow during a period of rapid glacier shrinkage suggests 504 

that mass loss commonly prompts glaciers to adjust their dynamics (Azam et al., 2012; Rowan et al., 505 

2015; Bhattacharya et al., 2016). Recently, several glaciers in Karakoram have shown accelerating ice 506 

flow caused by positive mass budgets (Quincy et al., 2009; Azam et al., 2018). Unfortunately, the direct 507 

relationship between the changes in the surface velocity and the mass balance is not evident at the glacial 508 

or regional scales, which could be due to a lag in the response of ice flow to climate change (Heid and 509 

Kääb, 2012; Vincent and Moreau, 2016; Dechecq et al., 2018; Vincent and Moreau, 2016). In addition, 510 

the fluctuations in the velocity changes of Longbasaba Glacier displayed no obvious relationship with 511 

the changes in glacier area, length, and mass balances. 512 

Longbasaba Glacier, which is a typical lake-terminated glacier with a debris-covered tongue, has 513 

experienced continuous and accelerating decrease in glacier area, but a decelerating mass wastage during 514 

the past three decades, which does not agree with the overall trends in the changes in ice mass for glaciers 515 

in the Himalayas and throughout the High Mountain Asia (Azam et al., 2018; Kääb et al., 2015; 516 

Bajracharya et al., 2015). In addition, the glacier tongue exhibited a contrary trend in mass loss relative 517 

to the glacier during the investigation period. For glaciers in direct contact with proglacial lakes, specific 518 

changes in area and ice mass are controlled by a complicated combination of processes and diverse local 519 

topographic conditions (Fujita and Sakai, 2014; Immerzeel et al., 2014; King et al., 2017; Song et al., 520 

2017; Zhang et al., 2019). To assess the complex processes of the changes in the area and ice mass of 521 

lake-contacted glaciers, further detailed dynamic studies at the glacier-scale of the mass/energy 522 

interaction between glaciers and glacial lakes are urgently needed in the future. 523 

https://doi.org/10.5194/tc-2019-259
Preprint. Discussion started: 13 January 2020
c© Author(s) 2020. CC BY 4.0 License.



 18 / 27 

 

5.3 Potential triggers of GLOF for Longbasaba Lake 524 

In the Himalayan range, GLOF events are predominantly triggered by the failure of moraine dams, 525 

caused by overtopping and/or self-destruction (Chen et al., 2006; Westoby et al., 2014; Rounce et al., 526 

2017), which can potentially cause devastating disasters by transporting large amounts of debris (Allen 527 

et al., 2015). Large mass movements suddenly entering proglacial lakes, for example, ice/snow 528 

avalanches (Xu, 1987; Awal et al., 2010), rock falls and rockslides (Richardson and Reynolds, 2000), 529 

and extreme heavy precipitation (Harrison et al., 2018), can cause huge waves and the subsequent 530 

overtopping of bedrock or ice-core dams. The self-destruction of moraine dams is induced by 531 

piping/seepage, degradation of the ice-cores in the dams, dam collapse, and other triggers, for example, 532 

seismic events (Richardson and Reynolds, 2000; Chen et al., 2007; Westoby et al., 2014; Rounce et al., 533 

2017; Harrison et al., 2018; Nie et al., 2018). 534 

Current climate warming plays a predominant role in the degeneration of permafrost and ice cores in 535 

moraine dams, which can be a trigger for the failure of moraine dams (Vilímek et al., 2014; Harrison et 536 

al., 2018). In addition, extreme heat and extreme rainfall are potential triggers of GLOF events. Although 537 

no evident relationship was observed between climate change and an increase in GLOF events, it is 538 

predicted that the frequency of GLOF events increases during the next few decades by considering the 539 

lag times in the expansion and evolution of proglacial lakes (Harrison et al., 2018). Furthermore, under 540 

specific climate changes and their influence on hazards, complex glacier-proglacial lake interactions 541 

make glacier hazard study a challenging approach, but it is urgently needed (Marzeion et al., 2014; 542 

Shugar et al., 2017). 543 

Ice avalanches with large masses from steep glacier fronts have been the predominant trigger of 544 

moraine dam failure in the Himalayan range (Awal et al., 2010; Nie et al., 2018) and have increased the 545 

potential for GLOFs (Sakai et al., 1998; Wang et al., 2008; Sakai et al., 2009; Gardelle et al., 2011). For 546 

Longbasaba Lake, numerous residual, various sized ice floes on the surface and bank of the lake were 547 

commonly observed by both in-situ measurements and remote detection during the investigation period 548 

and reflect the fact that ice avalanches commonly occurred (Yao et al., 2012; Wang et al., 2018). The 549 

glacier front retreat as described in category 1, for example, 1993−1994, 2000−20001, and 2003−2004, 550 

raised the lake water level by 6−11 m, assuming that the terminal motions released all of the mass of the 551 

ice avalanche at once and ignoring the influence of debris. While category 2 retreat (e.g., 1999−2000, 552 

and 2001−2003) causes a water-level rise of more than 3 m. The recession as described in category 3 can 553 

potentially raise the lake level by less than 2 m, especially after 2008. Ice avalanches create large amounts 554 

of ice and companying debris masses, which suddenly enter the proglacial lake and potentially create 555 

impact waves that trigger overtopping and failure of moraine dams. Although contributing much more 556 

masses than the glacier terminal motions, the glacier surface lowing released ice masses gradually and 557 

provided a slight increase in lake water level due to the stable outlet downstream of the lake basin. This 558 

suggests that ice avalanches potentially play a predominant role in the outburst risk of Longbasaba Lake. 559 

Piping/seepage in dams, rock-falls, and rockslides were observed infrequently (see Fig. 1c in Wang et al., 560 

2018). However, these processes were considered to be negligible relative to ice avalanches from the 561 

glacier tongue. 562 
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Previous studies have revealed that the frequency and impact of GLOF events declined during the 563 

most recent decades in the Himalayan range (Harrison et al., 2018). This is partly ascribed to several 564 

successful measures carried out by local governments and communities to decrease the outburst 565 

possibility of glacial lakes, including stabilizing moraine dams and fluvial systems (Carrivick and Tweed, 566 

2013). The moraine dams and outlet of Longbasaba Lake are monitored and maintained by local 567 

governments and scientists every year (Wang et al., 2018), including widening the river channel and 568 

stabilizing moraine dams and banks of the river channel before 2009. In 2010, during a small-scale ice 569 

avalanche, the moraine dams at the outlet of Longbasaba Lake were partly damaged, but did not fail. 570 

Eventually, the GLOF possibility of this proglacial lake has declined even during a time of rapid recession 571 

of the parent glacier, which may be manifested by the lagging response of Longbasaba Lake to climate 572 

change over a long-time scale (Harrison et al., 2018). 573 

6 Conclusions 574 

The evolution records for the shrinkage of Longbasaba Glacier and the expansion of the proglacial lake 575 

extend from 1988 to 2018, and the mass contributions from glacier shrinkage to the lake water volume 576 

were assessed and analyzed.  577 

During the past three decades, Longbasaba Glacier has experienced a continuous and accelerating 578 

recession in the glacier area accompanied by the decelerating thinning and ice flow over the glacier 579 

surface. Consequently, the extent and water volume of Longbasaba Lake had expanded significantly at 580 

an accelerating rate. Lowering of the glacier surface played a predominant role in the mass contribution 581 

from glacier shrinkage to the lake water volume and was an order of magnitude higher than those from 582 

the motions of the glacier tongue. Overall, the mass contribution slightly decreased during the 583 

investigation period with dramatic fluctuations before 2008 due to a combination of a decelerating 584 

lowering rate of the glacier surface elevation and an accelerating decrease in the glacier area. 585 

Longbasaba Glacier retreated with frequent ice avalanches, which suddenly released large amounts of 586 

ice into the proglacial lake and became the main potential trigger for failure of moraine dams and 587 

subsequent GLOF events. According to the areal expansion, decreasing mass contributions from the 588 

parent glacier shrinkage, and several improvements to the drainage system by local governments, the 589 

potential risk of GLOFs at Longbasaba Lake has continuously decreased during the last decade. 590 

 591 

Code and data availability. The Landsat TM\ETM+\OLI images are available from the United States 592 

Geological Survey (USGS). The High Mountain Asia Gridded Glacier Thickness Changes from Multi-593 

sensor DEMs, Version 1 is available from the National Snow and Ice Data Center (NSIDC) (Maurer et 594 

al., 2018). The free software module Co-registration of Optically Sensed Images and Correlation (COSI-595 

Corr) is available from the Caltech Tectonics Observatory (TO) (Leprince et al., 2007). The Global Land 596 

Ice Velocity Extraction from Landsat 8 (GoLIVE), Version 1 is available from the NSIDC (Scambos et 597 

al., 2019). The in-situ echo sounder points with positions and water depths of Longbasaba Lake will be 598 

provided by Junfeng Wei upon request. 599 
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