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Abstract

The Kangri Karpo Mountain Range on the Qinghai-Tibet Plateau frequently experiences
glacial lake outburst floods (GLOFs). This study assessed the risk of outburst floods for
Guangxieco Proglacial Lake (GPL) in this Mountain Range as a typical case to reveal
the effects of rapid glacial change. The area of Gongzo Glacier behind GPL decreased by
7.39+0.10% from 1987 to 2019, while this glacier advanced by 32.45 m from 5 June to 27
October in 1988. Guangxieco Proglacial Lake decreased from 0.42+0.03 km? in 1987 to
0.19+0.03 km? in 1988 and then continuously expanded to 0.43 +0.04 km? in 2019. Heavy
precipitation occurred before 15 July 1988, when no supraglacial lake existed. Meanwhile,
sustained abnormally high air temperature caused accelerated glacier and snow melting.
Since 1988, a larger volume of rainfall and meltwater impounded by the ice wall caused an
increase in the basal water pressure in the glacier. A significant increase in winter mass bal-
ance has caused a further increase in the downward gravity component of glacier sliding.
As a result, the glacier advanced rapidly while reopening previously blocked subglacial
drainage systems. The accumulating subglacial water rapidly drained into the Proglacial
Lake causing an elevated lake level and a GLOF event. However, the current area of the
glacial lake has recovered to the scale present before the outburst in 1988. Therefore, local
government agencies and the local community should improve early warning systems and
take measures designed to prevent a new GLOF and to minimize the risk of a recurrence of
a GPL outburst.
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1 Introduction

Mountain glaciers worldwide have retreated extensively in recent decades due to climate
warming, which is resulting in the formation and expansion of glacial lakes, increasing
the potential risk of Glacial Lake Outburst Floods (GLOFs) (Shugar et al. 2020; Tiberti
et al. 2020; Emmer and Vilimek 2013). When a glacier retreats, it may leave behind a large
impression in the ground that fills with water, creating a lake. A Proglacial Lake has been
defined as a moraine-dam glacial lake (Carrivick and Tweed 2013). Proglacial Lakes are
widely distributed in many mountain ranges, such as the Hindu Kush, Karakoram, Him-
alayas, Nyaingentanglha, and Hengduan Shan (Veh et al. 2020; Ding et al. 2018; Imran
and Ahmad 2021; Zheng et al. 2021). Glaciers are dynamic bodies of ice that change fre-
quently; melting and the creation of dynamic features significantly affect the formation,
expansion, and outburst of glacial lakes (Emmer and Cochachin 2013). A GLOF occurs
when natural dam fails and meltwater is released from a moraine- or ice-dam glacial lake.
When a moraine dam of a glacial lake fails, the water will burst out, potentially leading to
massive floods and debris flows that may cause extensive damage downstream, including
a loss of life and infrastructure (Grabs and Hanisch 1992). Alternatively, and more com-
monly, glacial ice from a retreating glacier or glacial advance (e.g., glacial surge) could
crash into lakes, generating giant waves that can erode weak moraine dams in a matter of
minutes, thereby also triggering GLOFs. Outbursts from lakes dammed by end moraines
are closely associated with ice avalanches, and 79% of all dam failures occurred during
July to August when ice avalanches occur frequently in mountain ranges of the Tibetan
Plateau (Ding and Liu 2017).

Moraine-dammed lakes are impounded in between an end moraine complex and a
vanishing glacier tongue, which creates a high probability of outburst due to commonly
occurring ice avalanches, glacier surges, unconsolidated dam material, and unstable dam
geometries, in rockfall- and landslides-prone areas or by earthquakes, and so on (Worni
et al. 2012; McKillop and Clague 2007; Round et al. 2017). These volatile lakes form when
glaciers disappear making it more likely that downstream communities may experience
flash floods, landslides, and other calamities as a result. These GLOF disasters (GLOFDs)
can occur in many parts of the world where people live downstream from these hazardous
glacial lakes, mostly in the Andes and in places such as Bhutan and Nepal, where these
floods can be devastating (Veh et al. 2020; Zhang et al. 2020). Many GLOFDs have been
frequently observed, recorded, or reported in the Himalayas, Peruvian Andes (Cordillera
Blanca), Chile’s Patagonia, the Canadian Rockies, on the Southeastern Qinghai-Tibetan
Plateau (QTP), and elsewhere (Wang et al. 2015; Zheng et al. 2021). For example, at least
20 GLOFDs have occurred in the southeastern QTP since 1935 such as the outburst of
Guangxieco Proglacial Lake (GPL), which occurred suddenly at 23:30 (China, UTC+8)
on July 15,1988. This GLOFD caused a blockage for half an hour, which then triggered
secondary disasters caused by a dam break. Secondary disasters flash floods along the Par-
lung Zangbo River washed away 18 bridges, severely destroying 42 km of the Sichuan-
Tibet Highway, and causing traffic disruption for six months, with a total economic cost
estimated at over CNY 100 million (Lv et al. 1999; Liu et al. 2014; Li and You 1992).

Most lake-terminating mountain glaciers have retreated rapidly due to the periodic loss
of frontal ice loss at their termini, but long-term observations were limited regarding their
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flow and melt dynamics, which are crucial to understanding the processes of ice mass loss
and Proglacial Lake growth (Liu et al. 2020). As glaciers continue to retreat and feed gla-
cial lakes with increasing amounts of glacier melt, the implications for GLOFs and water
resources are of considerable societal and ecological importance. The potential risks of
GLOFs and GLOFDs have been increasing under the background of local climatic warm-
ing. The present study is focused on the changes of Gongzo Glacier and the GLOF of GPL
in the Kangri Karpo Mountains of the southeastern QTP. The goal was to (I) assess the
changes of Gongzo Glacier during the past several decades; (II) understand the expansion
of the GPL and evolution of supraglacial lakes on this glacier; (IIT) discuss the cause of the
GPL’s GLOF event in 1988. In addition, we re-assessed the outburst potential risk of GPL
and provide basic database and technical support for GLOF disaster prevention and reduc-
tion in the southeast region of the QTP.

2 Study area

Gongzo Glacier, also called Midui Glacier, is located at 29.41°N, 96.51°E in the Kangri
Karpo Mountain Range in the southeast QTP (Fig. 1). Guangxieco Proglacial Lake formed
300 years ago (Li and You 1992) and was mainly fed by the meltwater for Gongzo Gla-
cier. The glacier is coded as 50282B0083 in the Chinese Glacier Inventory; its meltwater
ultimately flows into Parlung Zangbo River. In contrast with other places on the QTP, this
region experiences strong seismic activity, heavy precipitation, and warm ice temperatures
(Wu et al. 2018). The glacier is a maritime temperate glacier with an area of ~29 km? and
length of ~ 10 km. Glacier surface elevation ranged from 6293.40 to 3848.10 m a.s.l., cor-
responding the glacier flow from south to north (Liu et al. 2015). The glacier has western
and eastern tributaries, with their firm snow zone distributed above the elevation of 4850 m
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Fig. 1 Guangxieco Proglacial Lake and Gongzo Glacier in the study area. (a) A red rectangle denotes the
LandSat Image range of a scene covering Gongzo Glacier. The three closest Meteorological Stations (MSs)
are Bomi MS (MS1), Zogang MS (MS2), and Zayii MS (MS3) with MS1 closest to Gongzo Glacier. (b)
Spatial position of the study region in the Qinghai-Tibetan Plateau. (c) Topography of the glacier and gla-
cial lake. The glacier is oriented from south to north, and glacier tongue faces to the north. The glacier ter-
minus is inserted into Guangxieco Proglacial Lake
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a.s.l. Ice cliffs were previously located between 4850 and 4100 a.s.l. with a glacier slope of
25°-30° (Li and You 1992). In addition, the glacier tongue, i.e., ablation zone, was covered
by debris with a thickness of > 50 cm.

A moraine-dammed lake, specifically GPL, formed when the one terminal moraine
acted as a barrier to the flow of meltwater originating from Gongzo Glacier (Li and You
1992). Before 1988, two outlets on the dam of terminal moraine were in the north terminus
of the lake, located in the northwestern and northeastern parts of the dam (Fig. 1). The
glacial lake was recharged by precipitation and meltwater from Gongzo Glacier, and the
front of the tongue of Gongzo Glacier extended into the lake. The eastern part of the lateral
moraine had a relatively steep slope with loose rock and fragments frequently falling as
talus, while many trees grew on the west lateral moraine (Fig. 1c).

3 Data and methods
3.1 Remote sensing images

To understand the changes of Gongzo Glacier and GPL, some open-access orthorectified
LandSat Thematic Mapper (TM), Enhanced Thematic Mapper (ETM +), Operational Land
Imager (OLI), and Google Earth images were obtained. Spatial ranges of the glacier and
Proglacial Lake were mainly derived from LandSat images. For the LandSat multiband
images, the spectral-band ratio method has been demonstrated to be a simple, highly effi-
cient, and accurate technique that can be used to extract the outline of glaciers (Silverio
and Jaquet 2005; Sidjak 1999). This method can reduce the errors caused by sensor satura-
tion and shadowed areas, and can discriminate debris-mantled ice and ice-marginal water
bodies (Paul et al. 2004). Based on the assessed experience of glacier change in Yulong
Snow Mountain (Wang et al. 2020), we first used the spectral red-band and short-wave
infrared-1 (SWIR1-band) methods to calculate the band ratio (i.e., TM3/TM5 for TM and
ETM +, TM4/TM6 for OLI) (Molg et al. 2018; Paul et al. 2002). Next, we manually traced
the outlines of the glacier and Proglacial Lake boundaries for each year in the region and
modified the outline by manual visual interpretation. In addition, the images provided by
Google Earth were applied as the reference for the glacier and Proglacial Lake outlines,
which were also used to understand the formation and disappearance of the proglacial and
supraglacial lakes. Detailed information about the dataset of remote sensing images used in
this study is given in Table 1.

Radar satellites are critical to our understanding of the changes in surface elevation
change of Gongzo Glacier due to the lack of a ground observation dataset. To assess
the changes in surface elevation and mass balance in glaciers globally, Hugonnet et al.
(2021) produced datasets that provide glacier surface elevations globally since 2000. They
retrieved all data related to and intersecting glaciers worldwide including data from the
advanced spaceborne thermal emission and reflection radiometer, ArcticDEM, and the Ref-
erence Elevation Model of Antarctica (REMA) data. Meanwhile, TerraSAR-X add-on for
Digital Elevation Measurement (TanDEM-X) satellite data was used as a globally homo-
geneous reference for co-registration and bias correction over ice-free terrain, keeping only
elevations with an error smaller than 0.5 m in the provided TanDEM-X height error map.
In addition, Shuttle Radar Topography Mission (SRTM) digital elevation model (DEM)
data acquired in February 2000 were referenced as a database of a time series of the initial
changes in glacier surface elevation in the study area. In this paper, the surface elevation
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Table 1 Information of remote sensing images used in this study

Path/Row Date Bands Resolutions (m)

LandSat8 134/40 2019/11/02 Bands 5/4/3 30

2017/06/05 Bands 5/4/3 30

2013/09/14 Bands 5/4/3 30
LandSat7 134/40 2009/09/27 Bands 4/3/2 30

2006/09/19 Bands 4/3/2 30
LandSat5 134/40 2000/05/05 Bands 4/3/2 30

1995/10/15 Bands 4/3/2 30

1988/10/27 Bands 4/3/2 30

1988/06/05 Bands 4/3/2 30

1987/12/28 Bands 4/3/2 30
Google Earth 2017/11/18 -

2014/11/08 -

2001/11/14 -

data for the Gongzo Glacier from 2000 to 2019 were retrieved from a dataset of glacier
time series on the website of https://doi.org/10.6096/13. The changes in elevation of the
glacier surface were converted to mass balance changes using an ice density of 900 kg/m?>.

3.2 Methods of estimating changes in glacier area, volume, and length

Previous researchers have used the Annual Percentage of Area Changes (APAC) to under-
stand the changes to the spatial extent of glaciers in different periods (Ding et al. 2006; Xu
et al. 2015; Che et al. 2018; Wang et al. 2011), which is calculated using Eq. (1):
AS

APAC = 5, A1 1)
where APAC is the annual percentage of a change in area, S, is the area of the glacier at
the initial time, AS = S, — S| is the change in area of the glacier during the study period,
S, is the area of the glacier at the last time measured, and At is the time span of the change
in the glacier during the past several years. In addition, the glacier length was manually
interpreted along with a center line of the glacier flow path. We interpreted two center lines
per year of the main stream on the glacier surface, i.e., the west and east glacier length. The
spatial analysis tool of ArcGIS software was used to calculate the glacier area and length.

3.3 Glacial lake capacity

The calculation of the capacity of moraine-dammed glacial lake reservoirs is one of the
important parameters used for estimating the peak discharge of a glacial lake outburst and
understanding the process of GLOF (Ng et al. 2007). An empirical statistical model was
developed based on the in situ dataset of Longbasaba Proglacial Lake on the north slope of
the Himalayas to calculate the capacity of the glacial lake, as shown in Eq. (2) (Yao et al.
2010):
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V = 0.0493A%93%4 2

where V is the reservoir capacity of a glacial lake (unit km®) and A is the area of the gla-
cial lake (km?). In this study, the capacities of the glacial lakes were assessed using this
equation.

3.4 Glacier mass balance

The mass balance of a glacier is the difference between ice accumulation and ablation over
a specific period, which is a key factor to understanding the fluctuations in regional climate
and glacier runoff (Cogley 2009; Andreassen et al. 2016). However, no observational data
for mass balance of Gongzo Glacier were available. To fill this gap, we used a Degree-Day
Model (DDM) to simulate the mass changes in Gongzo Glacier. Researchers have often
used DDMs to understand the glacier mass balance dynamics due to their use of simple
input data and good performance (Kiéb et al. 2018; Gilbert et al. 2016). Degree Day Fac-
tors (DDFs) related to ice and snow were crucial to the DDM simulation. In general, a
DDF represents a discrepancy between different types of glaciers. Maritime glaciers are
likely to have higher DDFs than subcontinental and extremely continental glaciers; for
example, the average values of DDFs for maritime, subcontinental, and extremely conti-
nental glaciers were 10.9, 7.2, and 4.3 mm d-tec, respectively (Zhang et al. 2017). After
repeated simulation and calibration for the DDM, a DDF for ice of 9.0 mm d'°C 'and a
DDF for snow of 5.9 mm d~! °C~! were finally used to simulate the glacier melting in this
paper, respectively. The mass balance equation for glacier melting is given in Eq. (3):

M = DDF, X PDD (3)

ice/snow
where DDF is the degree-day factor, which is different for snow and ice. The PDD value
(in °C d71) is defined as the excess of daily surface air temperature above the melting point
accumulated over a balance year and M is the depth of meltwater in a specific period.

The accumulation of ice in a glacier generally depends on the snowfall, which is mainly
controlled by the threshold of air temperature, ranging from 0 °C to 5.5 °C (Ding et al.
2014). An air temperature threshold of 3 °C is often used to define the precipitation as fall-
ing as snowfall in the study region (Ding et al. 2014). The lapse rate of 0.60 °C per 100 m
was used to calculate the daily air temperature from Bomi meteorological station to the
glacier surface. In addition, the SRTM DEM in the glacier region was used in the distrib-
uted model of glacier melt and accumulation. Herein, the glacier mass balance is given by
Eq. (4):

11
B= / (A —M)dt €]
10

where A and M are the glacier accumulation and ablation, respectively, and B is the mass
balance over one year more generally over the period from £, to ¢,.

3.5 Meteorological dataset

Meteorological records of three stations, including Bomi, Zogang, and Zayii meteoro-
logical stations, were used in this study to understand the changing climate of the region
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(Table 2). Bomi station is located ~86 km northwest of Gongzo Glacier and has recorded
data since 1955. Note that the records of air temperature and precipitation data from this
station that were used in this study were acquired since 1960. Zogang and Zayii stations
are located ~ 130 km northeast and ~ 127 km southeast of the glacier, respectively (Fig. 1).
These two stations have recorded the local weather conditions since 1978 and 1969,
respectively. These three meteorological stations were installed by the China Meteorologi-
cal Administration, which provided the related datasets at http://data.cma.cn/. The periods
of accumulation (September to April) and ablation (May to August) were used to describe
the change of one hydrological period; therefore, the period of September to next August
was also regarded as one year when analyzing the glacier mass balance.

3.6 Uncertainty and accuracy of Landsat image processing

In the past, the accuracy of the extracted glacier and glacial lake information has often
been determined based on image quality, pixel resolution, radiometric and geometric cor-
rections, threshold value selection, and expert experience (Hall et al. 2003; Salerno et al.
2012; Wang et al. 2017). The method proposed by Hanshaw and Bookhagen (2014) was
used to calculate glacier and glacial lake area uncertainties in this paper. It assumed that
the error was associated with area measurement and showed a normal or Gaussian distri-
bution. Thus, we first calculated the number of pixels comprising the area measurement
outline, using the perimeter divided by the grid cell size. The number of outline pixels was
multiplied by 0.6872 (+ 15), using the assumption that ~69% of the pixels are subject to
errors. Finally, this figure was multiplied by half the area of a single pixel, assuming that
the uncertainty for each pixel was half a pixel, using Eq. (5):

Error(18) = (P/G)0.6872G? /2 6)

where P is the glacier or glacial lake perimeter, G is the image spatial resolution and o is
the variance.

To reduce additional errors as much as possible, a more human-interactive examination
was used for each Landsat image false-color composite, in conjunction with high-resolu-
tion Google Earth historic imagery.

4 Results
4.1 Changes in the area and length of Gongzo Glacier
The spatial extent of Gongzo Glacier increased by 0.41 km? from 1987 to 1988; how-

ever, this figure decreased continuously until 2019. During the periods of 2006-2009
and 2017-2019, the glacier presented higher APACs than during other time-spans,

Table 2 Information of Code

meteorological stations (MSs) Name Longitude Latitude FElevation  Time-span
near Gongzo Glacier MSI  Bomi 9577 2087 2736 1955-2019
MS2  Zogang 97.83 2067 3780 1978-2019
MS3  Zayi = 97.47 2865 23276 1969-2019
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including APACs of — 14.33 +1.04% and —23.50 + 1.52%, respectively. In addition, the
spatial extent of the glacier declined by 0.47 km? for 2017-2019, and the speed of the
retreat speed was the highest among all time-spans from 1987 to 2019 with an APAC
of 23.5+1.52%. The glacier area shrank from 31.44 +0.32 km? in 1988 to 29.15+0.33
km? in 2019 with a rate of decrease of 7.39 +0.10% annually. Note that the glacier front
advanced from 1988 to 1995, while the spatial extent of the glacier decreased slightly
by 0.35 km?. This phenomenon was mainly a result of glacial melting in several zones,
e.g., the hill between the East and West branches of the glacier, and the debris-cov-
ered eastern terminus of glacier; these areas were located in relatively flat regions and
were prone to obtaining relatively intense solar radiation (Fig. 2a and Table 3). In other
words, the spatial extent of the glacier decreased by 1.88 km? from 1987 to 2019, with
an APAC of 5.70 +0.03%.

Gongzo Glacier retreated significantly during the period from 1987 to 2019 (Fig. 2).
However, the glacier advanced from 1987 to 1995, during which glacier lengths
increased from 10.81 km to 10.90 km in East branch and from 8.36 km to 8.45 km in the
West branch. Here, the length of the East branch glacier was regarded as the length of
the Gongzo Glacier in order to compare the time series in this paper. The glacier front
advanced by 90 m from 1987 to 1995, with an advance of 30 m for 1987-1988 and 60 m
for 1988-1995 (i.e., advance of 8.57 m/a). In addition, the glacier length decreased from
10.90 km in 1995 to 10.55 km in 2019. The annual length change of Gongzo Glacier
was relatively small for 1995-2009, such as the annual length changes of —6.00 m/a
for 1995-2000, — 11.67 m/a for 2000-2006, and —6.67 m/a for 2006-2009. However,
the retreat trend accelerated after 2009, i.e., the glacier averaged a retreat of 15 m/a
for 2009-2013, 25 m/a for 2013-2017, and 35 m/a for 2017-2019. That is, the gla-
cier front retreat accelerated significantly during the past decade. The glacier retreated
by 260 m during the period of 1987-2019 with an annual retreat distance of 7.88 m/a,
which resulted in a spatial expansion of 260 m along with the direction of glacial retreat
(Fig. 2b—c and Table 3).

Fig.2 Changes in the spatial extent and length of Gongzo Glacier from 1987 to 2019. The base image is a
LandSat Image acquired in 2006. (a) Areal changes of Gongzo Glacier from 1987 to 2019. (b) Changes in
the length of the glacier in the study period. (c) Changes in the glacial terminus from 1987 to 2019
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Table 3 Changes in area and length of Gongzo Glacier

Year Length Advance/ Annual Glacier area+ 1o (km?) APAC (%)
Retreat dis- front change
tance (m) (m)

East branch West branch

1987 10.81 8.36 - - 31.03+0.32 -

1988 10.84 8.38 0.03 30.00 31.44+0.32 41+3.12
1995 10.90 8.45 0.06 8.57 31.09+0.32 -5+0.45
2000 10.87 8.42 -0.03 -6.00 30.91+0.33 -3.6+£0.63
2006 10.80 8.35 -0.07 —-11.67 30.60+0.32 —5.12+0.51
2009 10.78 8.32 -0.02 —6.67 30.17+0.32 -14.33+1.04
2013 10.72 8.26 —0.06 —15.00 29.79+0.33 -9.5+0.78
2017 10.62 8.17 -0.10 —25.00 29.62+0.33 —-4.25+0.78
2019 10.55 8.09 -0.07 —35.00 29.15+0.33 —-23.5+1.52

APAC annual percentage of area changes

4.2 Glacial lake evolution

The Proglacial Lake, also called Guangxieco Lake, developed at the head of Gongzo
Glacier. The lake covered an area of 0.424+0.03 km? in 1987 (Table 4); however, GPL
experienced an outburst on 15 July 1988 (Li and You 1992; Liu et al. 2014). The area of
GPL decreased from 0.42+0.03 km? in 1987 to 0.19+0.03 km? in 1988 after the outburst
(Fig. 3). Before 1988, GPL had two outlets, one in the northwestern and another in north-
eastern part of the lake; however, after the GLOF event on 15 July of 1988, water only

Table 4 Water area and storage of the glacier lakes

Year Guangxieco Proglacial Lake Name New Supraglacial Lake
Area+ 1o (km?) Water storage Area+ 1o (km?) Water storage
(107 km?) (%107 km?)
1987 0.42+0.03 21.99+1.88 - -
1988 0.19+0.03 10.51£1.90 - - -
1995 0.17+0.03 9.48+1.68 - - -
2000 0.16+£0.03 8.96+1.68 - - -
2006 0.21+0.03 11.54+1.81 - - -
2009 0.22+0.03 12.05+£1.86 - - -
No. 1 0.002 +0.002 0.15+0.14
No. 2 0.008 +0.004 0.55+0.26
2013 0.27+0.03 14.58 +2.03
No. 2 0.013+0.005 0.87+0.37
2017 0.37+£0.04 19.55+2.62
2019 0.43+0.04 22.48 +2.55
No. 3 0.0029 +0.002 0.21+0.15
No. 4 0.0213 +0.006 1.05+£0.39

@ Springer



2172 Natural Hazards (2022) 110:2163-2184

0400 800 0400 800 0 400 800
[ S—) [ —] [ —)

(b) To56)

(a) 1987

uangxiecuo
Lake

(c)1995

0 400 800
| )

(i) 2019

Fig.3 Evolution of glacial lakes in the study area from 1987 to 2019. Nos. 1 to 4 denote four supraglacial
lakes

drained from the northwestern outlet. During the outburst, the lake lost a water volume of
5.40x 10° m>. The water area of GPL was divided into two small ponds after this GLOF
event, i.e., the North and South glacial lakes. The area of the northern lake was relatively
small when compared to that of the Southern lake. The two lakes were joined by a south
flowing tributary along with a slope bottom of west lateral moraine (Fig. 3b—d). However,
only one water channel formed along with east lateral moraine after ~2006 (Fig. 3e).

In addition, two small supraglacial lakes formed on the debris-covered gla-
cier in 2009, identified as lakes No. 1 (with an area of 0.002+0.002 km?) and No. 2
(0.008 +0.004 km?) (Fig. 3f and Table 4). In 2013, glacial melting along the drain-
age between lake No. 1 and GPL caused the two to merge. Increased melting in the
drainage between supraglacial lake No. 2 and GPL caused these two to merge with a
part of the GPL in 2017. By 2019, the area of GPL expanded to an area of 0.43 +0.04
km?, which was larger than the area of GPL in 1987. The water volume of GPL
reached (12.05+ 1.86)x 10~ km?, which also exceeded that of (21.99+1.88)x 1073
km? in 1987. Meanwhile, two new supraglacial lakes formed on the surface of the
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debris-covered glacier, identified as lakes Nos. 3 and 4 with areas of 0.0029 km? and
0.0213 km?, respectively (Fig. 3i and Table 4). The area of GPL has been increasing and
also expanding along with the direction of the glacier retreat.

4.3 Climate change

Local climate change has been a critical factor affecting glacier variation as well as the
change in the glacial lake in the study area. For example, the meltwater from Gongzo
Glacier caused by climate warming was a main source of recharge for GPL. The mean
annual air temperature and annual precipitation of three meteorological stations were
analyzed to understand their effects on glacier melting and glacial lake evolution. The
mean annual air temperatures of Bomi, Zogang, and Zayii stations have increased signif-
icantly during the past several decades, with increased slopes of 0.27 °C/decade during
the period of 1961-2019 (p <0.001), 0.37 °C/decade during the period of 1978-2019
(p<0.001), and 0.16 °C/decade during the period of 1969-2019 (p <0.001) (Fig. 4a—c).
Annual precipitation increased significantly at Bomi station during the period of
1961-2019 with a slope of 3.17 mm/a (p < 0.05), while the annual precipitation rates at
Zogang and Zayii meteorological stations experienced no significantly increasing trend
(Fig. 4d-f).
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Fig.4 Changes in mean annual air temperature and annual precipitation at meteorological stations near the

Gongzo Glacier, where slope, R?, and p denote the slope of the regression line (unit: °C/decade or mm/a),
determination coefficient, and their level of significance, respectively
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5 Discussion
5.1 Changes in monthly mean air temperature and precipitation in 1988

Precipitation from May to October accounted for 71.05%, 92.71%, and 61.45% of the
annual total precipitation in Bomi, Zogang, and Zayii, respectively (Fig. 5). In other
months, precipitation was mainly concentrated in February—April and fell as snow in this
region. The monthly precipitation from February to May in 1988 exceeded the multi-year
mean month precipitation at Bomi meteorological station significantly during the period of
1961-1987. Similar increases in monthly precipitation have been found at Zogang and Zayii
(except April’s precipitation in 1988) meteorological stations. Note that the precipitation in
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June was less than the monthly mean precipitation in multiple years (Fig. Sa—c). Although
the precipitation in the week before 15 July 1988 was less than 10 mm per day, heavy daily
rainfall events occurred in Bomi on 3 and 4 July 1988 with daily rainfall of 32.8 mm and
65.2 mm, respectively (Fig. 5g). A large volume of rain water was input into the subglacial
drainage system.

The monthly mean air temperature during the period of January—August was signifi-
cantly higher than that of those months in multiple years before 1988 in Bomi and Zogang
(Fig. 5d—e). The same situation occurred from January to June in Zayii except for during
May (Fig. 5f). In other words, temperature increased progressively in terms of increasing
in the water level of GPL due to local rainfall and meltwater from Gongzo Glacier, which
partly resulted in the GLOF of the Proglacial Lake (Zhao et al. 2015). A trigger condi-
tion is usually needed to stimulate the occurrence of a GLOF event; for example, a glacial
surge, earthquake, or a GLOF of a supraglacial lake could trigger a GLOF from a Progla-
cial Lake. In addition, it was also noted that the monthly air temperature from January to
July 1988 was higher than that of those months before 1988, especially the period of Janu-
ary—May, which may often result in a glacial surge. Furthermore, a week before the GLOF
event of 1988, daily air temperature in Bomi had remained high. The high air-temperature
further accelerated glacial melting and created a large amount of meltwater.

5.2 Changes in the processes of melting and accumulation for Gongzo Glacier

A simple Degree-Day model was used to simulate the mass balance of Gongzo Glacier
and understand it during the period of 1961-2019. The annual net mass balance did not
change significantly during the period from 1961 to 2019, while the winter and summer
mass balances showed significant increasing and decreasing trends, respectively (Fig. 6a).
The annual mass balance for 19871988 increased. Typically, the winter mass balance
for 1987/88 reached a relative maximum, while the high air temperature also resulted in
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Fig.6 Simulation of the mass balance (MB) of Gongzo Glacier with a Degree-Day Model using the daily
air temperature and precipitation in Bomi meteorological station. (a) Gray, cyan, and pink lines denote the
simulated annual net, winter, and summer mass balances, respectively. (b) A red line denotes the accumula-
tive mass balance, which was set as the reference to zero in 2000 to compare the observed mass balance
from Remote Sensing (RS). The gray error bar denotes the change of mass balance using RS. (c) Green bars
denote the monthly glacier and snow meltwater in 1988; a red line denotes the accumulative meltwater. A
horizontal gray line denotes the mean summer meltwater of 2.17 m w.e from 1961 to 1987, i.e., the mean
summer mass balance of — 2.17 m w.e
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increased glacier melting. In addition, we recognized that a large amount of glacier accu-
mulation in the period had also increased the downward gravity component of the glacier.

The data for the mass balance record of the glacier were acquired beginning in 2000
using Remote Sensing; the SRTM DEM data provide the basal elevation of the glacier
surface used to calculate the change in elevation. The modeled accumulative mass balance
of the glacier was set to the reference of zero in the year 2000 (SRTM DEM). An important
purpose of this conversion was to compare the simulated mass balance and remote sensing
measurements. The results showed that the glacier change processes of modeled and actual
data from the remote sensing mass balance were very close during the period from 2000
to 2019 (Fig. 6b). That is, the simulation of the glacier mass balance was credible. We also
found that the glacier mass has increased continuously since 1987 (Fig. 6b). To further
estimate the glacier meltwater in 1988, the rate of glacier melting per month was also sim-
ulated (Fig. 6¢). Our results showed that the total of glacier and snow melt for April-Octo-
ber was at 2.44 m w.e., which was higher than that of mean summer glacier melt of 2.17 m
w.e. during the period of 1961-1987. The total meltwater for April-July was at 1.43 m
w.e.; this was especially large with meltwater in July of 0.69 m w.e. These large amounts of
glacial meltwater entered into the subglacial drainage system and the glacial lake.

5.3 Evolution of Guangxieco Proglacial Lake

Guangxieco Proglacial Lake was mainly fed by glacial meltwater derived from Gongzo
Glacier. The lake was divided into two pools after a GLOF occurred on 15 July 1988 (Liu
et al. 2014); the south pond of the glacial lake was directly related to the meltwater from
Gongzo Glacier. The only outlet was located in the northwest corner of GPL, while the
lake water no longer flowed out from the original outlet located in the northeast corner of
the lake. The glacier front was in the lake, which was also affected by an ice avalanche.
Some drift ice masses were observed on the surface of the lake (Fig. 7a). The two pools
were connected by a water channel along with the bottom of the west lateral moraine and
the lake-water flowed between south and north lakes. However, the two small lakes were
connected by only one water channel along with east lateral moraine and merged into one
lake in 2013 (Fig. 7b). We found that some relatively large lateral moraines existed in
the western original channel of the images. These moraines had fallen along with a steep
slope of the west lateral moraine because of the effects of freeze—thaw and gravity of the
moraines. In fact, the two lakes were connected by an eastern waterway in 2006 (Fig. 3e),

(@).14 Nov. 2001 (b)12 Feb. 2013

Google Earth A Google Earth

Fig.7 Changes in the tributary of Guangxieco glacial lake during the period of 2001-2013
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while the west water channel was fully blocked by 2009 by the falling moraines, which
happened during the period of 2006-2009. Accelerated melting of the glacier caused the
lake level to increase so that the region of the western water channel was covered by lake
water after 2013. Note that the area of GPL in 2019 was larger than that in 1987, with an
increase in lake area of 0.01 km? and water storage of 0.49 x 10~2 km?®. It is noted that the
calculation of the volume of glacial lake is based on an empirical formula with strong local
differences. Our calculation of volume of the glacial lake needs to be calibrated with a field
measurement to obtain an accurate result in the later stage. However, this problem does not
affect our study of the expansion of the glacial lake and a GLOF event in this paper.

5.4 Formation and disappearance of supraglacial lake

The phenomenon of accelerated glacier melting caused a glacier surface drainage channel
to develop in the northeast region of debris-covered glacier front in 2001(Fig. 8). A pit
without water was also found in this region. Two supraglacial lakes formed in that region
until 2013, identified here as supraglacial lakes Nos. 1 and 2 (Fig. 8b). In fact, the two
lakes originally formed in 2009 (Fig. 3f). The water area of lake No. 1 was connected to
GPL until they merged into one in 2015. Meanwhile, supraglacial lake No. 2 also expanded
during this period (Fig. 8c). During the expansion of lake No. 2 and erosion of the GPL,
a water channel formed between GPL and lake No. 2. The glacial lakes Nos. 1 and 2 fully
merged into the GPL in 2017 (Fig. 8d). Based on the evolution of the supraglacial lakes
Nos. 1 and 2, we deduced that the supraglacial lakes on the water channel of the northeast

14 Nov. 2001

GXC Glacier-lake
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Fig.8 Expansion of the Guangxieco Proglacial Lake (GPL) and evolution of supraglacial lakes: (a) 14
November 2001, prior to expansion; (b) 12 February 2013, lakes Nos. 1 and 2 form; (c) 07 February 2015,
GPL merges with lake No. 1; (d) 18 November 2017, GPL merges with lake No. 2
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debris-covered surface resulted from the melting water of the glacier surface and precipita-
tion. The existence of supraglacial lakes accelerated melting of the glacier, which caused
the lakes to further expand. Combined with the head erosion of the Proglacial Lake to
Gongzo Glacier, the glacier mass loss was further accelerated and GPL finally expanded.
Therefore, we found two directions of the GPL expansion, i.e., expanding along with the
glacier retreat and within the water channel between GPL and the supraglacial lake.

5.5 Mechanism of the 1988 Gongzo Glacier surge and GLOF

A previous study indicated that the GLOF event that happened on 15 July 1988 resulted
from intense pre-precipitation and persistently high temperatures (Liu et al. 2014). An ice
avalanche at the glacier terminus in the lake was also a very important factor in terms con-
tributing to the GLOF (Yang et al. 2012). Some ground ice was left in the moraine-dam of
the glacier, which contributed to tributaries after the glacier mass loss due to warming air
temperatures (Li and You 1992). The GLOF event was accelerated by the tributaries in the
glacier dam. These studies described the causes of the GLOF of GPL, but the actual trigger
the GLOF event still remains unclear. It was acknowledged that the behavior of the glacial
front with connecting to the Proglacial Lake was critical to the expansion of the Proglacial
Lake and the GLOF event. A glacial advance is usually a trigger condition in terms of a
typical GLOF event.

To understand the conditions that triggered the GLOF, images of the GPL and Gongzo
Glacier in June and October in 1988 were analyzed in more detail. The water area of the
GPL decreased significantly from 0.427 +0.03 km* on 05 June to 0.193+0.03 km? on 27
October in 1988 (Fig. 9). That is, the GLOF even reduced the water storage capacity by
13x 1073 km? in the Proglacial Lake. The floods caused by the GPL outburst caused major
losses to downstream agriculture, animal husbandry, and villages (Li and You 1992). In
addition, we found that the Gongzo Glacier terminus advanced by at least 32.45 m on aver-
age from 5 June to 27 October in 1988 (Fig. 9). Glacial meltwater had fed the Proglacial
Lake (i.e., GPL), which was a gradual process and did not result in a rapid outburst of the

96°30'30"E

[P ooan
G

(b)27 Oct. 1988

96°30'30"E

96°30'E

Fig.9 Glacial advance and the outburst of Guangxieco (GXC) glacial lake (GPL) in 1988: (a) 05 June 1988
remote sensing image, (b) 27 October remote sensing image
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Proglacial Lake (Zhao et al. 2015). Glacier advances and supraglacial lake outbursts usu-
ally play an important role in a GLOF event (Worni et al. 2012; Stokes and Clark 2003;
Fyfe 1990; Sutherland et al. 2020).

The glacier advance/surge played an important role in the GLOF event of 1988. How-
ever, several factors cannot be ignored including the periods of heavy rainfall, enhanced
melting, and mass input in this glacier. Due to the lack of an on-site record on the GLOF
event in 1988, we revisited the glacier front at the end of July in 2021 to clarify the pro-
cesses involved this GLOF, including observations of the subglacial drainage system and
soil properties at the glacial front. Although the information from this survey has not fully
represented the glacier background at that time, we believed that the information is helpful
in explaining the glacier environment related to the GLOF. Based on the field observa-
tions, the subglacial drainage systems were very well developed in the glacial ablation zone
(Fig. 10a). Large amounts of clay, silt, and gravel were found in the bottoms of glacial
pools (Fig. 10b—d). In particular, this clay and silty sands flowed into the subglacial chan-
nel with the mixed meltwater, which was prone to sedimentation in the relative flat channel
over time. Over a long period of time, the deposited clay and silty sands would block the
subglacial channel (Fig. 10b).

Based on the meteorological records of Bomi station, the precipitation for February—July
in 1988 was far greater than that received in previous years (Fig. 5). In particular, the first
2 weeks of July 1988 saw 132.5 mm of precipitation, while the glacier received far more

Fig. 10 Photographs of subglacial channels and glacial pool bottom taken on 30 July 2021: a subglacial
drainage in a large pit after the ice collapsed; b a glacial channel in the glacial pool bottom without melt-
water; ¢ clay, silt, and gravel in the bottom of the subglacial channel; d clay and gravel in the bottom of
subglacial drainage
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precipitation than did Bomi station. At the same time, the glacier meltwater from April to
July in 1988 was at 1.43 m w.e., while the meltwater in June and July was at 0.48 m w.e.
and 0.69 m w.e., respectively. Both the heavy rainfall and enhanced melting contributed to
the water in the subglacial drainage system. The large of rainfall and meltwater was input
into the subglacial drainage systems. However, the channel had shrunk or was even blocked
by the clay and silty sand sediment. A large volume of water was impounded by the ice
wall and elevated the basal water pressure. The mass balance of Gongzo Glacier increased
continuously from 1987 to 1989, and the winter mass balance in 1988 was much higher
than in the past. That is, a larger glacier mass was locked into the firn snow basin before
the melt season in 1988, which significantly increased the downward gravity component
of sliding glacier (Kb et al. 2018; Lei et al. 2021; Cuffey and Paterson 2010). Thus, the
glacial advance mainly resulted from the increasing mass balance and the presence of suit-
able hydrothermal conditions. This glacial advance reopened the subglacial channel, which
connected to the terminus. The accumulated subglacial water drained rapidly into the Pro-
glacial Lake and elevated the lake level (Kiib et al. 2018; Imran and Ahmad 2021). Even-
tually, these conditions led to the GLOF of GPL on 15 July 1988. The trigger factor of the
GLOF was the glacial surge in 1988, which was typically hydrologically controlled (Cuffey
and Paterson 2010).

5.6 Assessment of the potential GLOF risk

Glacier melt and retreat provided spatial conditions for the expansion of GPL (Carrivick
and Tweed 2013). Then, Gongzo Glacier retreated into a deepening glacier basin, while
the GPL expanded. The retreating of the glacier front accelerated by calving because of the
thermal effects of an expanded glacial lake. This effect caused a further calving-induced
retreat and GPL expansion. The positive feedback between the GPL and Gongzo Glacier
dynamics was complicated, which has been characterized by the following processes: (i)
rapid disintegration of the glacier terminus, or (ii) rapid advances or surges, which reduced
the effective pressure at a glacier front margin (Stokes and Clark 2003; Fyfe 1990). Com-
bined with the LandSat images of June and October in 1988, we deduced that the GLOF
of GPL on 15 July in 1988 was caused by the surge of Gongzo Glacier (Fig. 8). After
that, the Proglacial Lake expanded rapidly due to the increase in glacier meltwater and
precipitation. Until 2019, the area of GPL expanded to 0.43 km?, which exceeded the area
of 0.427 km? on 05 June in 1988. In addition, new two supraglacial lakes had formed on
Gongzo Glacier. In other words, the GPL still showed the potentially high-risk of experi-
encing a GLOF. The measurements of glacier dynamics and water level of GPL need to be
improved in the future. Previous studies have shown that the criteria for determining the
nature of potentially dangerous glacial lakes (PDGLs) mainly include a moraine-dammed
lake area of more than 0.02 km?, the rate of lake area increased by more than 20% and the
distance between the lake and glacier snout was less than 500 m (McKillop and Clague
2007; Wang et al. 2015; Zhang et al. 2015; Watanabe et al. 2009). Guangxieco Progla-
cial Lake is a typical PDGL; the lake basin is close to Midui Village and National High-
way 318, and its potential risk of experiencing a lake-outburst disaster is very significant.
Structural and engineering measures would be required to reduce the lake-surface levels,
according to the degree of GLOF impact, with the goal of decreasing pressure on moraine
dams and reducing water volume in case of an outburst. Primary techniques and measures
for this include controlled breaching, construction of outlet control structures, pumping or
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siphoning water from the lake, and tunneling under the moraine dam (Wang et al. 2015;
Zhang et al. 2020; Liu et al. 2020; Shugar et al. 2020).

6 Conclusions

Global warming is occurring in the southern Tibetan Plateau where many glaciers are
retreating; meanwhile, many glacial lakes have been created and expanded. The water
reserves of the glacial lakes often increase as a result of accelerated glacier melting, which
has been increasing the risk of GLOF in the glaciated regions. This paper analyzed the
cause of the GLOF event at the GPL of Gongzo Glacier on July 15, 1988, and the changes
in the glacier during the period of 1987-2019. Based on a series of LandSat TM/ETM +/
OLI imagery, we found that the glacier area of Gongzo Glacier decreased by 1.88 km? with
an APAC of —5.70+0.03%. The length of the glacial retreat was 0.26 km from 1987 to
2019 with an annual retreat distance of 7.88 m/a. The area of GPL decreased by 0.23 km?
in 1988, and then, the area again increased until the lake covered an area of 0.43 +0.04 km?
with a water volume of (22.48 +2.55)x 10> km? in 2019. In addition, four new supragla-
cial lakes have formed on the glacier surface during the past decade.

The mean annual air temperature around the region has increased significantly in the
past several decades, i.e., the increased trend of the mean annual air temperature ranged
from 0.16 °C/decade to 0.37 °C/decade. Annual precipitation did not show a significant
trend except for at the Bomi meteorological station, where the precipitation had increased
significantly.

Based on the remote sensing images of the LandSat TM on 05 June and 27 October in
1988, the front of Gongzo Glacier had advanced by 32.45 m; meanwhile, no significant
supraglacial lake was observed on the glacier surface. However, a heavy precipitation event
occurred during the first 2 weeks in July 1988 with consistently high daily air tempera-
tures. A large volume of water from rainfall and glacier melting impounded by the ice wall
caused an elevation in the basal water pressure. A glacial surge reopened a subglacial tube
and the accumulated subglacial water rapidly drained to the GPL. Then, a GLOF event of
GPL was triggered by the Gongzo Glacier surge on July 15, 1988.

In addition, we also found that GPL expanded in two main ways. First, the glacier
expanded in the direction of the retreating Gongzo Glacier. Second, the glacier expanded
by following the glacier meltwater channels between the GPL and this water formed into
supraglacial lakes. So far, the latter expansion was more significant than the former. The
water volume of GPL in 2019 also exceeded the water reserves in June 1988. The poten-
tial risk of a GLOF has been still high, and dynamic monitoring of the GPL and Gongzo
Glacier is needed. It is also necessary to strengthen the publicity and popularization of
basic knowledge related to disaster prevention and reduction, and enhance the awareness
of location residents and land managers of the need for disaster prevention, mitigation, and
self-protection.
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