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Abstract: Two adjacent glaciers collapsed consecutively
in the Western Xizang Autonomous Region, China, on
July 17 and September 21, 2016, presumably triggered
by relatively intensive climate change in this region,
leading to massive downstream ice and mud avalanches.
After these twin glacier collapses, there have been many
researches, which mainly focus on the physical charac-
teristics of these two glaciers while lack the differences
between them and the other glaciers. In this study, the
geometric features and energy distribution along the gla-
cier centerlines are investigated to identify the differ-
ences between these two collapsed glaciers and other
glaciers in the western Tibetan Plateau. The anomaly of
climate change is presumed to be the trigger of the twin
glacier collapses in accordance with existing research
results, whereas in this study, the striking geometric
similarity between the centerlines of the twin glaciers,
which is quantitatively interpreted by the Fréchet dis-
tance among the glacier centerlines, unearth some novel
mechanisms. The essential point in these new mechanisms
is the energy distribution along the glacier centerlines. A
hypothesis based on the principle of energy conservation is
derived to demonstrate the mechanisms and dynamic pro-
cesses of the glacier collapses. Furthermore, on the basis of
the geometric similarity and energy distribution of the gla-
cier centerlines, a risk assessment of glacier collapse in the
western Tibetan Plateau is implemented to facilitate glacier
disaster prevention.

Keywords: glacier collapses, OGGM, geometric similarity,
Fréchet distance, western Tibetan Plateau, glacier centerlines

1 Introduction

The western Tibetan Plateau (longitude 79° to 92°E, lati-
tude 28° to 37°N, mean elevation >5,000m above sea
level, Figure 1) is located in the rain shadow of three
high strongly glacierized mountain ranges [1]. In the
Randolph Glacier Inventory (RGI 6.0), it is reported that
approximately 20,000 glaciers are widely distributed in
this region, and the downstream glacier-fed rivers and
lakes provide water resources to local nomadic herders
and their yaks [2]. Therefore, the solid water resources
including the ice and snow cover in the glacierized west-
ern Tibetan Plateau are of significance to the surrounding
countries and regions [3].

However, the solid water resources had sustained a
great loss in 2016. Within 3 months in that year, two adja-
cent glaciers (Aru-1 and Aru-2) collapsed, consecutively,
on July 17 and September 21, 2016 in the western Tibetan
Plateau (Figure 2), receiving considerable attention from
the scientific community [4]. In these twin catastrophes,
nearly the whole glaciers flowed downward into the allu-
vial areas below the glacier valleys, with two estimated
source volumes of approximately 70 and 100Mm3, which
destroyed pastures and buried nine habitants and hun-
dreds of livestock [5]. Furthermore, the massive loss of
valuable solid water resources in this considerably dry
region has a negative environmental impact on the local
fragile ecosystem [6].

When and where the next one of this kind of catas-
trophe would take place have left cryospheric scientists
puzzled [7]. Even though anomalous glacier movements
are not rare in the western Tibetan Plateau [8], such
sudden massive glacier collapses have not been histori-
cally recorded [9]. Many researchers have investigated
the magnitude, mechanisms, and subsequent impacts
of the twin glacier collapses. One study provided an over-
view of the two glaciers and the twin collapses [5]. These
two glaciers are not temperate but cold based and frozen
to the bed, which are rather dynamically stable in the
past decades. On the basis of their field investigation
and the local meteorological data, the rising temperature
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Figure 1:Map of extent of west Tibet (black line, longitude 79° to 92°E, and latitude 28° to 37°N) and distribution of glaciers (blue polygons,
from the RGI 6.0) and location of the Aru region (red triangle).

Figure 2: Scene photographs and remote-sensing images of Aru-1 and Aru-2. On the upper and lower left are the scene photographs of Aru-1
and Aru-2, respectively, taken on the opposite of the Aru Co on September 28, 2016 and on the right is the multispectral composite
imaginary from Gaofen-2.
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and precipitation enhancement over recent years in this
region are supposed to have triggered the twin collapses.
In addition, the glacier models and remote-sensing data
play a crucial role in determining the dynamics and
mechanisms of the twin collapses as they are located in
the most remote region in the western Tibetan Plateau. A
thermo-mechanical glacier model was utilized to simu-
late the polythermal structure for the twin glaciers, which
provides infiltrating melt water to lubricate the ice/bed
surface in the frontal zones and develops a progressively
steepening geometry upstream of the cold-based fronts
[10]. The thickness, velocities, basal shear stresses, and
ice damage prior to the collapses based on the poly-
thermal structure of the two glaciers were described
exactly in detail in a subsequent study [11]. Long-term
remote-sensing data from 1971 to 2016 demonstrate that
the mass balance of two glaciers were negative before
1999 but turned to positive as a response to the increase
in precipitation after 1999 [12]. Moreover, as the glacier
collapses are a kind of gravitational mass flow, they can
generate seismic signals. Therefore, seismic wave inver-
sion was also applied on the glacier collapses to derive
the motion parameters, including the mass and friction
coefficient, to analyze the flow dynamics [13].

There are few studies that focus on the geometric
features of the twin glaciers although the shape and
size of the glaciers play a vital role in the dynamic process.
The geometric features of glaciers are crucial inputs and
important parameters to investigate the glacier dynamics,
including the glacier centerline, longitudinal topography,
and transverse profile. As the plane geometric feature of
the glaciers, the centerline is capable of determining the
change of glacier length, inferring the velocity field, esti-
mating the ice volume, and developing the flowline model
[14–17]. In this study, our main objectives are to find a
method to distinguish the potentially collapsing glaciers
from those other glaciers in the western Tibetan Plateau
through the geometric features of glaciers and furthermore
interpret the physical mechanisms contributing to the gla-
cier collapses. When all the glaciers in the Aru Co basin,
the Grand Aru Co (including several adjacent lakes to
the Aru Co) basin, or even the western Tibetan Plateau
are considered, it can be assumed that they are subject
to the approximately same meteorological (precipitation
and temperature), ice (density and viscosity), and geolo-
gical (lithology and structure) conditions. The western
Tibetan Plateau is distinctly located in the westerly domain,
where the westerlies and continental climatic conditions
play a dominant role [18]. What makes the twin glacier
collapse abnormal in the western Tibetan Plateau can be
acquired from their similarities between each other and

their differences from other glaciers. The glacier mor-
phology represents one of the important basic conditions,
resulting in the twin collapses [10]. The curved shape in
planform geometry of the two glacier is believed to influ-
ence the stability of the two glaciers by causing lateral and
horizontal resistance [19].

In our study, the geometric features of the glaciers
are derived from the centerlines and the degree of geo-
metric similarity among the glaciers in the Aru Co, the
Grand Aru Co, and the western Tibetan Plateau is deter-
mined quantitatively by a mathematical method [20].
Therefore, the degree of similarity to the target glaciers
(Aru-1 and Aru-2) can be viewed as an index to assess the
risk of glacier collapse in the study areas. Inspired by the
geometry and morphology of meandering river channels
[21], our study simulates the energy distribution and
compensation status in glacier reaches to investigate
the mechanisms of the geometric features of the twin
collapsed glaciers based upon the energy conservation.

2 Study area, data, and methods

2.1 Study area

The western Tibetan Plateau (Figure 1) is a remote area
on the edge of the Himalayas on the Tibetan Plateau,
between 29°N and 37°N in latitude and between 79°E
and 91°E in longitude, which covers mostly northwestern
Shigatse and Nagri Prefectures [22]. Results based on
reanalysis data and climate models indicate that precipi-
tation in this region is increasing due to the strong water
vapor transport from the dominant midlatitude westerlies
[2]. Increasing evidence from satellite data and atmo-
spheric reanalysis has shown a systematic increase in
the warming rate with elevation in the western Tibetan
Plateau [23]. In agreement with the general uptrend of
precipitation and the enhanced warming with elevation,
the glaciers in this region have experienced less retreat
than the Himalayas [24] or even slightly advance [25]. In
this study, all the glaciers (more than 20,000) in the
western Tibetan Plateau were investigated of their risk
of collapse.

Particularly, the twin glaciers (34.03°N; 82.25°E) col-
lapsed in the Aru Co basin, Ngari Prefecture in the wes-
tern Tibetan Plateau, where the elevation ranges between
5,250 and 6,150m a.s.l., and the basin area is approxi-
mately 27 km2 including no more than 30 glaciers. Aru-1
and Aru-2 are the two largest and longest glaciers among
the glaciers from a glacier group in the Aru Co basin. The
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climatic and geographic conditions are believed to be
fundamentally identical with all the glaciers in the Aru
Co basin. To expand the research on the dynamics and
mechanism of glacier collapses, the study takes the adja-
cent basins into consideration, including the Aru Co, the
Memar Co, the Lumajiangdong Co, and several other rela-
tively smaller lake basins. The Grand Aru Co basins cover
an area of 362.65 km2 with 271 glaciers (Figure 3).

2.2 Data

In this study, glacier outlines and a digital elevation
model (DEM) are required as input data (Table 1) to derive
centerlines for each glacier in the western Tibetan Pla-
teau [26]. The glacier outlines in the western Tibetan
Plateau are retrieved from the RGI 6.0 (http://www.
glims.org/RGI/). DEM data is also required to obtain the
centerlines of each glacier. The DEM product used herein
covering the study area of interest is extracted from the
Advanced Spaceborne Thermal Emission and Reflection
Radiometer Global Digital Elevation Model (ASTER GDEM)
dataset of the Tibetan Plateau, downloaded from the
National Tibetan Plateau/Third Pole Environment Data
Center (https://data.tpdc.ac.cn/en).

Despite sparse observations over the western Tibetan
Plateau, especially at the glacierized areas due to the severe
weather, complex topography, and harsh environmental
conditions, an automatic weather station (AWS) was estab-
lished near the Aru-2 in Oct 2016 during the first field work
there, and precipitation and temperature data were collected
from the date of establishment until September 2019. The
mean temperature there in the monsoon season (between
July and September) is over the freezing point, and the
highest value is 7.2°C in August. The recorded mean annual
precipitation acquired from a T200B gauge reaches 333mm,
which is more than double that of at Nagri meteorological
station [5]. The positive precipitation trend in the Aru Co
basin agrees with the result of recent research across the
Tibetan Plateau from climatic models and reanalysis data,
which indicates that the spatial pattern in the western
Tibetan Plateau is turning to increasingly wetter [2].

2.3 Methods

2.3.1 Deriving the glacier centerlines

The Open Global Glacier Model (OGGM) is a modular and
open-source glacier model to consistently simulate past

Figure 3: The extent of the Grand Aru Co basins, including the Aru Co (a), the Memar Co (b), and the Lumajiangdog Co (c) and several other
small basins, and the outlines of all the glaciers in this region (the blue polygons are the Aru-1 and Aru-2, and the right interior rectangle
covers the Aru Co basin with gray Aru-1 and Aru-2 outlines that had collapsed).

Table 1: Data used in the study and their statistical characteristics

Data Source Statistical characteristics

DEM ASTER GDEM 30m spatial resolution and 1° × 1° tiles
Glacier centerlines RGI 6.0 30 Glacier outlines in Aru Co region and 271 outlines in Grand Aru Co regions
Climate data AWS Precipitation and temperature data from Oct 2016 to Sep 2019
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and future changes of any glacier, including data-down-
loading tools, a preprocessing module, a mass balance
model, and an ice-flow model [27]. The release of OGGM
benefits from recent advances in the global availability of
data and methods on glacier modeling, especially a geo-
metrical routing algorithm that can automatically iden-
tify the glacier centerlines [26].

The preprocessing and flow-line modules in OGGM
are used to compute the glacier centerlines in this study.
In the preprocessing part of the workflow, a layer com-
posed of glacier outlines derived from the RGI 6.0 and the
other layer of the corresponding DEM (here GDEM in the
western Tibetan Plateau) are merged with each other. The
step to derive the glacier centerlines based on the novel
and robust algorithm of Kienholz et al. [26] is of great
complexity. First, the glacier heads and termini, which
connect the centerlines, are identified. Second, a least-
cost approach is applied to determine and optimize the
least-cost route, representing the glacier centerlines. The

route cost C is defined by the total penalty values ∑P in
all the grid cells (10 m × 10m) along the selected route
connecting the glacier head and the terminus. The pen-
alty value Pi for grid cell i, comprised of the Euclidean
distance-induced and elevation-induced penalty value,
can be obtained from the following equation:
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alty value to make the route downslope. Di, Dmax, and
Dmin separately stand for the Euclidean distance from
cell to the nearest glacier boundary, the maximum and
minimum Euclidean distance from any point to the gla-
cier boundary. Similar to the Euclidean distance, Zi, Zmax,
and Zmin are the elevation in cell i, the highest and lowest
elevation in the glacier. The coefficients (f1 and f2) are the
scale parameters, and the exponents (a and b) are the
weights. Finally, the above least-cost route obtained in
the second step is smoothed into the glacier centerline.

2.3.2 Computing the similarity between the centerlines
of the target glaciers and other glaciers

To compute the similarities between the centerlines of the
target glaciers (Aru-1 and Aru-2) and those of the other

glaciers, a well-known and effective metric for measuring
resemblance of polygonal curves is introduced in this
study, in which the location and ordering of the discrete
points along the curves are considered. This metric,
called the Fréchet distance, was firstly released by Fréchet
in 1906, and a dog-and-leash interpretation of this distance
(Figure 4a) was intuitively demonstrated [28]. Suppose
there are two curves (P and Q), with P a man walking a
dog and Q the dog; both can vary their own walking velo-
cities independently without backtracking.

The Fréchet distance reflects the length of the shortest
leash that is long enough for traversing both curves. As the
computation of the exact continuous Fréchet distance (δF)
is greatly sophisticated by means of the parametric search
technique, Eiter and Manila described a discrete Fréchet
distance (δdF) to approximate δF based on the investigation
of all the possible couplings between the endpoints of the
line segments of the polygonal curves [20]. The mathemati-
cal definition of δdF between the polygonal curves P and Q
(Figure 4b) can be presented as follows:
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a bdF
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where ( )d u v,a bi i is the coupling distance between the
distinct pairs ( )u v,a bi i from ( ) ( )×σ P σ Q . ( )σ P and ( )σ Q
represent the sequence of endpoints of the line segments
of polygonal curves P and Q, that is,

Figure 4: The simplified explanation (a) and the mathematical
definition (b) of the Fréchet distance. The former explanation is
based on the dog-and-leash interpretation. In the latter mathema-
tical definition, the blue line is the P (a man walking a dog with a
line) and the red line is the Q (the dog). The numbers denote the
segments that link the points on P and Q.
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where the subscript ( …a a a, , , m1 1 ) is (1, 2,…, p)
and ( …a a a, , , m1 1 ) is (1, 2,…, q). For all subscripts

= …i q1, , in ( )u v,a bi i , there is a rule set as =+a ai i1 or
= ++a a 1i i1 , and =+b bi i1 or = ++b b 1i i1 , which leads the

couplings to comply with the order of the points in poly
and poral curves P and Q. The maximum of the coupling
distance ( )d u v,a bi i forces the dog leash to be sufficient to
link the curves, and then the minimum function opti-
mizes the leash to be the shortest one. Due to a variety
of applications of the discrete Fréchet distance in several
fields, including computer vision, bioinformatics, com-
putational geometry, and parametric curve approxima-
tions [29–32], this algorithm is deemed to be a reasonable
method to quantitatively determine the resemblance between
the glacier centerline of the Aru-1 or Aru-2 and that of the
other glaciers in the study area. In the practical computation,
a programming module coded with Python 3.7 based on the
preceding algorithm has been applied in this study.

2.3.3 Understanding the meandering of the glacier
centerlines

Few recent studies were reported to focus on the plan-
form curvature of glacier centerlines, in spite of the fact
that numerous mountain glaciers are tending to take
longitudinal curving paths in valleys, with a wide range
of degrees from gentle arcs to nearly perpendicular turns
[33]. Nevertheless, during the early 1960s and the late
1980s, based on the detailed areal coverage of the veloc-
ity field and strain distribution on a small valley glacier
with roughly constant curvature for much of its length,
several glaciologists had quantitatively presented consid-
erable methods and descriptions to interpret the asym-
metric patterns of stress and velocity about the curving
channel centerlines [34–37]. In a hypothetical curving
glacier channel with the rectangular profile of uniform
width, the longitudinal stress σ and velocity U can be
obtained as follows:
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where the ξ = r/R0 is a nondimension variable while
the ξ1 = R0/R1 is a dimensionless parameter, in which r,
R0, and R1 are the radial distance from the center of the
curvature, the minimum radius, and maximum radius,
respectively, in cylindrical coordinates [38]. As seen in
equation (4), both the longitudinal shear stress and velocity
are asymmetric around the glacier channel centerline,
which facilitates the understanding of the glacier centerline
meandering and glacier collapsing.

Moreover, the energy compensation theory of a mean-
dering river in a curving channel provides inspiration to
explain the similar case of glacier flow in spite of the great
difference in Reynolds and Froude numbers between the
glacier and the river flow [39]. For a glacier segment in a
relative equilibrium state, the mean energy during a spe-
cific time is presented as follows:
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where the first right term is the potential energy and the
second is the kinetic energy. When two cross sections, the
upstream one in the straight channel and the down-
stream one in the bend, are considered, the longitudinal
velocity, in other words the kinetic energy, decreases as
the glacier flows due the equation (4) and the basal fric-
tion. Nonetheless, the curvature of the second cross sec-
tion can result in an increase in the upstream ice depth,
consequently increasing the potential energy, which com-
pensates the dissipation of the kinetic energy in the channel
reach. This conceptual procedure suggests that the curva-
ture of the glacier channel is related to the kinetic energy
loss. This relationship between the difference in kinetic
energy between upstream and downstream cross sections
and the channel curvature is explicitly given as follows:
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where the ( )ψ ξ states that the kinetic energy difference is
a function of the shape factor ξ in the bend. Considering
two extreme cases, a uniform straight channel and an
orthogonal one with a right-angle turn, under the former
case, the curvature along the entire glacier is zero, leading to
a steady state of the glacier, that is, the velocity remains
unchanged; whereas under the latter case, the velocity in the
downstream cross section approaches zero and all the kinetic
energy vanishes, in accordance with the infinite curvature.
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3 Results

3.1 Glacier centerlines

First, the glacier centerlines in the Aru Co and the Grand
Aru Co regions are derived by the least-cost approach
in the preprocessing and flow-line modules of OGGM
(Figures 5 and 6). In the Aru Co region, the centerlines
of the Aru-1 and Aru-2 are the two longest (3.47 and
3.49 km) ones, in accordance with the area of these two
glaciers (3.55 and 4.65 km2). When all the 30 glaciers
in the Aru Co region are divided into four classes by the
area and the centerline length, Aru-1 and Aru-2 are in
the same class as seen in Table 2, which illustrates
that the glaciers in that class are prone to collapse as
seen in Section 4.1. The Aru-1 and Aru-2 glaciers are
the “vital few,” which means that only twin collapsed

glaciers in the Aru Co region account for the most area
and centerline length of the glaciers [40]. The great loss
of these twin glaciers has resulted in severe damage to
the environment and solid water resource in the Aru Co
region.

The massive differences in area and centerline length
between the twin glaciers and the other glaciers in
the Aru Co region make it that this region is not well
grounded to find out the potential glaciers because of
the insufficient glacier samples. To seek out the high-
risk glaciers that are likely to collapse, we spread the
study area to the Grand Aru Co region (Figure 6), which
contains 271 glaciers. All the glaciers in the Grand Aru Co
region are also divided into four classes by the area and
centerline length as the same aforementioned standards
as seen in Table 3. In this chart, there are dozens of
glaciers in the same order of magnitude with Aru-1 and
Aru-2. Therefore, the glacier samples are sufficient to
compute the Fréchet distance between them and the
target glaciers (Aru-1 and Aru-2). In the Grand Aru Co
region, small glaciers (area <1 km2 and centerline length
<1 km) take up more than half, which are not considered
in the analysis of Fréchet distance since these glaciers
likely cannot collapse as Aru-1 and Aru-2 did.

Figure 5: The glacier centerlines in the Aru Co regions.

Figure 6: The glacier centerlines in the Grand Aru Co regions.

Table 2: Classification of the glaciers in the Aru Co region according
to area and centerline length

Area
(km2)

Number of
glaciers

Centerline
length (km)

Number of
glaciers

<1 24 <1 13
[1, 3) 4 [1, 3) 15
[3, 5) 2 [3, 5) 2
≥5 0 ≥5 0
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3.2 Centerline similarity

To find a glacier centerline that is similar to the given
ones (Aru-1 and Aru-2), the Fréchet distance, which
used to match geometric patterns, is computed in the
Aru Co region and the Grand Aru Co region. The lower
the Fréchet distance is, the more similar the two glacier
centerlines are to each other. The target glaciers are Aru-1
and Aru-2, and the Fréchet distance between the other
glaciers and these two target glaciers in the Aru Co region
and the Grand Aru Co region is listed in the following two
charts (Tables 4 and 5). The � denotes the Fréchet dis-
tance between any two glacier centerlines.

It can be seen from Table 4 that the Fréchet distance
between Aru-1 and Aru-2 is less than 1 km, the lowest
among all the � distances in the Aru Co region, which
indicates that there is a marked resemblance between
these two glacier centerlines so that they collapsed in
such a similar way within such a short period. The other
glaciers in this region bear little resemblance to these
twin glaciers according to the result of the Fréchet
distances, which agrees to the quantitative relations
between the twin glaciers and the other glaciers in the
Aru Co region. Therefore, the standard of resemblance
between the target glacier centerlines and the other gla-
ciers can be served by the Fréchet distance, and the max-
imum standard is 1 km. Only a glacier, whose centerline

conforms the required standard, the Fréchet distance of
less than 1 km, can be viewed as a glacier with risk of
collapse. With this standard, all the glaciers in the west-
ern Tibetan Plateau can be easily double tested with Aru-1
and Ar-2 to find out the glaciers with risk of collapse in the
similar way to Aru-1 and Aru-2.

In the Grand Aru Co region, there are dozens of gla-
ciers, whose � to the Aru-1 and Aru-2 is less than 1 km,
which means that their centerlines are similar to those of
the target twin glaciers (Table 5). These high-risk glaciers
are also in the equal magnitude of area and centerline
length to the twin glaciers. All these glaciers can be
viewed as high risk to collapse and need prompt moni-
toring. This is a quite efficient method to find out the
glaciers, which have the potential to collapse in the
similar way to the Aru-1 and Aru-2. In addition, these
risky glaciers all follow a winding course like S-shape
(Figure 7). This similar route to meander between the
glaciers and some rivers helps discover the physical

Table 3: Classification of the glaciers in the Grand Aru Co region
according to area and centerline length

Area
(km2)

Number of
glaciers

Centerline
length (km)

Number of
glaciers

<1 197 <1 158
[1, 3) 39 [1, 3) 71
[3, 5) 15 [3, 5) 29
≥5 20 ≥5 13

Table 4: The Fréchet distances between the target glacier center-
lines (Aru-1 and Aru-2) and the other glacier centerlines in the Aru
Co region

F (Aru-1, other
glaciers) (km)

Number of
glaciers

F (Aru-2, other
glaciers) (km)

Number of
glaciers

<1 2 <1 1
[1, 2) 4 [1, 2) 5
[2, 3) 8 [2, 3) 8
[3, 4) 13 [3, 4) 13
[4, 5) 2 [4, 5) 2
>5 0 >5 0

Table 5: The Fréchet distances between the target glacier center-
lines (Aru-1 and Aru-2) and the other glacier centerlines in the
Grand Aru Co region

 (Aru-1, other
glaciers) (km)

Number of
glaciers

 (Aru-2,
other
glaciers) (km)

Number of
glaciers

<1 10 <1 11
[1, 2) 45 [1, 2) 39
[2, 3) 161 [2, 3) 154
[3, 4) 85 [3, 4) 98
[4, 5) 16 [4, 5) 15
>5 11 >5 11

Figure 7: The similarity of glacier centerlines in the Grand Aru Co
region and the F between all the glaciers herein and the target twin
glaciers are less than 1 km.
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mechanisms related to the glacier centerlines, which
makes the glacier centerlines as a legitimate way to
assess the risk to collapse in the west Tibet. The theoret-
ical explanation based on the energy distribution along
the centerlines is in Figure 8.

4 Discussions

4.1 Why the glaciers similar to Aru-1 and
Aru-2 are prone to collapse?

On the one hand, Table 2 shows that there are no more
glaciers in the same class of area and centerline length
with the collapsed Aru-1 and Aru-2, indicating that the
magnitude of other glaciers in Aru Co region is not suffi-
cient to collapse. On the other hand, the lower Fréchet
distances between the centerlines of Aru-1 and Aru-2 but
higher among them with those of other glaciers also
depict that the planform geometric features of the gla-
ciers can be simply considered a quantitative indicator
to distinguish the high-risk glaciers to collapse in the way

of the twin glaciers. Therefore, it is convenient to make an
assumption out of the beforementioned statistical ana-
lysis that the glaciers similar to Aru-1 and Aru-2 are prone
to collapse.

The area and centerline length are both size features
of the glaciers, which can be used to estimate the volume
through a power law between the volume and area [41].
The size of Aru-1 and Aru-2 is close to each other,
implying that only when the glaciers grow great enough
can they collapse in the same way. The physical basis of
this implication can be conveniently interpreted that the
failure of the ice chunk in the sinuous valley glaciers
requires sufficient potential gravity energy to transfer
into the kinetic energy and then move downward into
the alluvial fans with such a great velocity. This finding
can be served as a complement to the results in the pre-
vious researches, which indicate that the twin collapses
were triggered by the weather- and climate-driven external
forcing [9]. Not only the external meteorological character-
istics but also the internal features including geometric
and thermal properties play significant roles in the dynamic
process of the twin collapses.

For the present, on the basis of the field observation
of the twin glaciers, there are several evidences to justify

Figure 8: The upper two photos taken at the curvature (the red star in the lower left picture) in the postcollapse fieldwork of Aru-1 and the
movement simulation result of Aru-1. In the upper two photos, the difference between the bilateral glacier sidewalls indicates that the
collapsed ice chunks swept down the ice and debris on the opposite sidewall of the expedition but left the other undestroyed. The
transverse profile of longitudinal velocity (the red line in the lower left picture), which is obtained from the simulation results of the post-
collapse movement, verifies the asymmetric distribution of the velocity.
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the assumption that S-shape glaciers are prone to col-
lapse. First, there are a considerable number of ice
crevasses in the curvatures of the meandering glaciers
because of the asymmetric velocity field of the transverse
profile therein [10,42]. These crevasses break the “short-
range” bond system of ice structure and then this wide-
spread failure results in glacier collapse [43]. Second, the
asymmetric movement traces (Figure 8) of the collapsed
chunks on the bilateral valley sidewalls along the center-
lines demonstrates that the ice chunks were rotating
along the curvatures of the S-shape centerlines of the
glaciers, which can be plainly verified by the kinetic
simulation in the rapid mass movement model (Figure 8,
the details of this simulation will be described in the
coming study). Third, it can be simply and visually
understood that the mid-segments of the S-shape glacier
centerlines have the capability to bear sufficient stagna-
tion of ice to collapse and then flow into the alluvial fans.
Finally, the glacier is mathematically viewed as an array
of vertical columns of unit cross-section area and varying
height along the centerlines. The shape of the centerlines
is originally controlled by the topography of the valley
and then partly by the lateral friction between the ice and
the viscosity, the development of which is still poorly
understood. After a volume of literature reviews and sev-
eral attempts, it is convincing to be very difficult to create

a mathematically tractable model to simulate the glacier
meandering, but the simulation work to obtain more con-
clusive evidences is still in progress and is expected to be
published in the following study.

Additionally, an analytic description of energy distri-
bution along the S-shape glacier centerlines is elucidated
in Section 4.2, which provides a novel aspect to better
understand this kind of rare phenomenon with geometric
features of the glaciers.

4.2 The energy distribution along the
glacier centerlines

According to the meandering patterns of the twin glaciers
and the other high-risk glaciers, the glaciers with S-shape
centerlines are prone to collapse in the way of Aru-1 and
Aru-2. Initially, the erosion of the glacier forms the valley,
and on the contrary, the development of glaciers is also
shaped and constrained by the valleys [44]. The curva-
ture of the two vertical sides along the centerlines has
little difference to each other during the initial stage of
the glaciation, whereas the difference is increasingly
becoming higher and higher on the inside of the curves
as the glacier develops (Figure 9a). This process can be

Figure 9: The physics of the glacier meandering. The section (a) indicates the marked differences of development of the glaciers between
the two opposite longitudinal lateral sides in the curves, (b) implies the physical understanding of the mentioned differences, and (c) shows
the variation of the vertical profiles in the curves.
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clarified by the microperspective of the change in the flow
velocity inside of the curves (Figure 9b). The plane − ′S S1 1
denotes the external side of the curves and the − ′S S2 2 is
the internal side. When the glacier flows through the
curves, the velocity of the glacier section approaching
has a normal component to enlarge the curvature of
and flatten the vertical side of the valley (Figure 9c),
whereas there is little change in the curvature of the
plane. Figure 9c shows the change of the cross-sectional
profile in curves, and more mass is left in the section
between profiles A–B and C–D, which makes the glacier
turn to be swollen with an unusually large ice volume
within two curves.

The mechanism of glacier meandering is based on
the principle of energy conservation, and the curvature
of a glacier bend is controlled by the energy of ice flow,
that is, the flow rate and the ice bed slope. Glacier mean-
dering is a natural fluvial process to compensate for the
energy loss so that the glacier could keep itself moving
forward. The meandering centerlines of glaciers can result
in a rise of ice thickness in the accumulation area, con-
sequently increasing the potential energy in the route
and leading to a rising in the slope of the ablation area
as well as the kinetic energy increases. The latter, in turn,
this rise in the slope and the kinetic energy, can result
in a relative equilibrium state between the ice flow and
the sediment transport in the glacier centerlines. The
mechanism of glacier meandering may thus be rephrased
as a glacier automatic regulating process. The degree of
curvature in a channel reach is subject to the gained
kinetic energy, that is, the difference in kinetic energy
between upstream and downstream cross sections deter-
mines the degree of glacier meandering, which are in
agreement with equation (6). The automatic kinetic energy
compensation in glacier reaches could be used as the
mechanism to explain glacier meandering. Such a
mechanism can be justified by the field observation and
numerical simulation in the forthcoming studies.

4.3 Why this kind of glacier collapse is hard
to predict?

In this study, the method of the geometric similarity
between the glaciers and the target glaciers is used to
assess the risk of the glacier collapse. Nonetheless, this
kind of glacier collapse is still hard to predict.

Although there are more than two hundred thousand
mountain glaciers in the world, there are only dozens
of glacier collapses reported and recorded [45,46]. The

unstable steady equilibrium state of the glacier stays
long term, while the glacier collapse is short lived and
rarely recorded completely. The problem that there are
extremely insufficient research objects makes many aspects
of this kind of catastrophe remain obscure.

Additionally, the mechanism of the Aru-1 and Aru-2
glacier collapses is still a puzzle to the glaciologists. After
the twin collapse, various mechanisms have been pro-
posed to explain how they initiated, triggered, and devel-
oped, but our understanding remains incomplete [47].
The poly-thermal and soft-bed glacier features led to a
progressive destabilization of the twin glaciers [11]. A
hypothesis combined with thermal and hydrological con-
trol can partly demonstrate the glacier collapse. In the
twin glacier collapse in Aru Co region, the temperature
and crevasses affect supraglacial, englacial, and subgla-
cial water to form vigorous hydrosystem in the whole
glaciers. The englacial water is trapped in pores between
the glacier and bedrocks in super-pressure state; there-
fore, any external process, such as an earthquake, an
excess of water input from surface precipitation, or even
a change in the englacial water level, can tip this delicate
balance and release the pressure on the trapped water,
making the water flow underneath the glacier and lubri-
cating the ice bed. This kind of glacier collapse can be
defined as a water-driven glacier collapse and extremely
difficult to observe and obtain the englacial hydro-system
in the glacier.

Lack of research objects and difficulty in observation
limit the research on the glacier collapse and lead this
kind of glacier hazard hard to predict. From this perspec-
tive, the geometric features of glaciers including the cur-
vature of the centerlines are a rather simple but useful
method to assess the potential glaciers that are prone to
collapse.

5 Conclusion and future plan

In this study, the striking geometric similarity between
the twin glaciers in Aru Co region is quantitatively inter-
preted by the magnitude and the Fréchet distance among
the glacier centerlines in the Aru Co region and also in the
Grand Aru Co region, which unearth some novel mechan-
isms of these terrible catastrophes in the western Tibetan
Plateau [48,49]. In Aru Co region, the length of the cen-
terlines and the area of Aru-1 and Aru-2 have similar
resultant values, and also, the Fréchet distance between
their centerlines is the lowest, which demonstrates that
only when glaciers develop to the specific magnitude and
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sinuous planform shape, can they collapse as the way of
Aru-1 and Aru-2. In addition, the results of the magnitude
and geometric similarity between the glacier centerlines
in the Grand Aru Co region help filter a dozen of high-
risky glaciers that need prompt observing and moni-
toring. Warning for glacier collapse is a huge challenge,
and it is not feasible to focus on all the glaciers in the
western Tibetan Plateau. Therefore, the practical signifi-
cance of this study lies in selecting the glaciers, which are
prone to collapse in the way of Aru-1 and Aru-2, on the
basis of the geometric similarity of glaciers. Whereas the
results in this study are generated from the twin glacier
collapse, the approach has limitations of application to
different kinds of glacier hazards including the surges of
hanging glaciers and debris flow. Moreover, the length,
area, and planform shape of glaciers are a part of the
geometric features, which is not enough to present a
comprehensive reflection of the glacier physics.

In a nutshell, this study provides a statement of a
new perspective along with a few quantitatively statis-
tical descriptions on the interactions between the plan-
form shape of glaciers and the mechanism of the twin
collapses. It is believed that these complex dynamics
are directly generated by energy redistribution by simple
causative mechanisms, which bear a strong resemblance
to the meandering of rivers. In light of the similarities of
the planform S-shape and the magnitude of the center-
lines of the twin glaciers, more studies on the dynamics
of the glacier collapses are called for. One study we plan
to perform on these twin glacier collapses is to simulate
the longitudinal velocity field of the sinuous glaciers
during the movement processes and concentrate on its
evolution in the glacier bends. Additionally, other geo-
metric features of the glaciers including the curvature of
the longitudinal profiles can be taken into consideration to
investigate the glacier collapse.
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