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Abstract. To make first-order estimates of the probability
of moraine-dammed lake outburst flood (MDLOF) and prioritize the probabilities of breaching posed by potentially
dangerous moraine-dammed lakes (PDMDLs) in the Chinese Himalayas, an objective approach is presented. We
first select five indicators to identify PDMDLs according to
four predesigned criteria. The climatic background was regarded as the climatic precondition of the moraine-dam failure, and under different climatic preconditions, we distinguish the trigger mechanisms of MDLOFs and subdivide
them into 17 possible breach modes, with each mode having three or four components; we combined the precondition,
modes and components to construct a decision-making tree
of moraine-dam failure. Conversion guidelines were established so as to quantify the probabilities of components of
a breach mode employing the historic performance method
combined with expert knowledge and experience. The region of the Chinese Himalayas was chosen as a study area
where there have been frequent MDLOFs in recent decades.
The results show that the breaching probabilities (P ) of
142 PDMDLs range from 0.037 to 0.345, and they can be
further categorized as 43 lakes with very high breach probabilities (P ≥ 0.24), 47 lakes with high breach probabilities
(0.18 ≤ P < 0.24), 24 lakes with mid-level breach probabilities (0.12 ≤ P < 0.18), 24 lakes with low breach probabilities
(0.06 ≤ P < 0.12), and four lakes with very low breach probabilities (p < 0.06).

1

Introduction

The moraine-dammed lake outburst flood (MDLOF) is a
category of glacial lake outburst flood (GLOF) in which
flood/debris flow is triggered by the failure of a morainedammed lake. MDLOFs endanger lives and property as
well as the natural and social environment and have thus
drawn much attention. Studies on MDLOFs have evaluated and simulated past MDLOF events (Lliboutry et al.,
1977; Xu, 1988; Cenderelli and Wohl, 2003; Kershaw et
al., 2005), modeled the magnitude and spatial extent of
possible MDLOFs (Costa and Schuster, 1988; Clague and
Evans, 2000; Huggel et al., 2002, 2004; Carrivick, 2006; Bajracharya et al., 2007; McKillop and Clague, 2007a; Wang
et al., 2008), assessed the vulnerability of high mountain areas to the hazards of moraine-dammed lake outbursts (Carey,
2005; Vilı́mek et al., 2005; Hegglin and Huggel, 2008), estimated the breach probability of a moraine-dammed lake
(McKillop and Clague, 2007b), and analyzed the mechanisms of a dam breach (Clague and Evans, 2000; Jiang et al.,
2004; Rushmer, 2007; Balmforth et al., 2008, 2009; Awal et
al., 2010). With widespread glacier retreat on the one hand
and the growing population living close to high mountains
on the other, there are more potentially dangerous morainedammed lakes (PDMDLs) appearing in glaciated regions
(Clague and Evans, 2000; Richardson and Reynolds, 2000;
Bajracharya and Mool, 2009). Engineers and geoscientists
are concerned with how to estimate objectively the breach
probabilities of PDMDLs.
Although many researchers have discussed factors most
likely to predispose moraine dams to failure (Clague and
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Sanswang, which killed more than 400 people. Another notorious disaster was the failure of
Zhangzangbu in 1981, which killed more than 200 people and destroyed power stations, roads,
X. Wang et al.: An approach for estimating the breach probabilities of moraine-dammed lakes
and bridges and farmland both in Nepal and China (Lv et al., 1999; Mool et al., 2001a).
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Figure 1. (A) Distribution of different outburst probability statuses of PDMDLs in the Himalayas
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owing to the westward decrease in precipitation. Remotesensing surveys show that there were 1680 glaciers with a total area of 215.28 km2 in the 2000s in the Chinese Himalayas,
and that as the glacial lake area has increased by 29 % during the past 30 yr, the number and volume of PDMDLs have
also increased (Che et al., 2004; Chen et al., 2007; Wang
et al., 2012). MDLOFs are common natural hazards in the
Chinese Himalayas, and notable events include 15 recorded
MDLOF disasters since the middle of last century; sudden
outburst floods or debris flows resulted in the loss of more
than 600 lives (Lv et al., 1999). The most devastating disaster was the failure of Sanswang, which killed more than
400 people. Another notorious disaster was the failure of
Zhangzangbu in 1981, which killed more than 200 people
and destroyed power stations, roads, bridges and farmland
both in Nepal and China (Lv et al., 1999; Mool et al., 2001a).

3

Database

The data used in this paper included aerial-survey topographic maps, digital elevation models (DEMs), aerial photographs, ASTER (Advanced Spaceborne Thermal Emission
and Reflection) images and meteorological data. There were
241 maps at a scale of 1 : 50 000, 31 at 1 : 100 000, and six
at 1 : 25 000, which reflect information of glacial lakes during the period of approximately 1960–1990; the maps were
available from the library of the Cold and Arid Regions Environmental and Engineering Research Institute. The DEM
data were digital products derived from aerial-survey topographic maps, which were obtained from the Lanzhou Military Area Command of the People’s Liberation Army. We examined the maps and DEMs to obtain geometric parameters
(e.g. slope, width, length, and height) of moraine dams and
parent glaciers. Aerial photographs were the original source
data of topographic maps and were mainly used to distinguish the ice core from ice-free moraines guided by the interpretation criteria of McKillop and Clauge (2007b); they
can be viewed at the library of the State Key Laboratory
of Cryosphere Science, Cold and Arid Regions Environmental and Engineering Research Institute, Chinese Academy of
Sciences.
There were 38 ASTER images covering the region of
interest, and seven Landsat Thematic Mapper (TM) images were used to fill minor gaps between ASTER images.
ASTER image data acquired in the 2000s were obtained from
the USGS. The ASTER images of band 1 (0.52–0.60 µm) and
band 4 (1.60–1.70 µm) were used to obtain the rate of change
in the area of glacial lakes by comparing with the area derived from topographic maps, and they assist in interpreting
the type of lake and distinguishing between an ice core and
ice-free moraine dam.
Meteorological data included daily temperature and precipitation from nine meteorological stations in the study region and covered a period from the middle of last century to
www.nat-hazards-earth-syst-sci.net/12/3109/2012/

3111

the end of 2006. The data were used to measure the factors
of climatic forces.
To verify the reliability of the approach presented in this
paper, two lakes – Longbasaba and Pida – located in Pumqu
in the Chinese Himalayas at latitude 27◦ 56.670 N and longitude 88◦ 04.210 E (Fig. 1b, c and d) were surveyed in situ
in the summers of 2006 and 2009. For each lake, we examined the lake volume of water and its change, moraine dam
geometric parameters (slope, width, length, and height), the
presence of dead ice inside the dam, and the status of the
parent-glacier surface at the terminus including speed of motion, slope, frequency of cracking and icefall, and drainage
system of the moraine dam.
4

Development of an estimation model

This section develops a method to estimate the breach probabilities of moraine-dammed lakes in the Himalayas. Our approach has two steps: we first select indicators to identify
PDMDLs and then take a more objective approach to calculate the breach probability of each PDMDL.
4.1

Candidate identifying indicators

To first identify PDMDLs, we chose candidate-identifying
indicators of PDMDLs according to the literature on moraine
dam failures. Indicators are only included if they meet four
criteria. First, indicators should be objectively measured and
repeat measurements should be consistent. Second, indicators should have qualitative or semi-quantitative judgment
criteria so as to determine grades of potential hazard. Third,
the selected indicators should be generalized for sample
MDLOFs in the Himalayas. Fourth, data of the selected indicators should be obtained through remote sensing and not
fieldwork. According to these four criteria, the selected identifying indicators of PDMDLs in the Himalayas of China are
presented in Table 1, and we interpret the indicators in the
Discussion section.
4.2

Event tree method

Nineteen moraine-dam failure events on the Tibet Plateau
have been field surveyed and documented in detail (Fig. 1a,
Table 2). In this paper, the documented materials of the
19 failed lakes were used as basis data to establish a decisionmaking tree model for estimating the breach probabilities of
PDMDLs. The model was developed as follows.
First, we determined the preconditions causing the failure
of moraine-dammed lakes. The preconditions here refer to
background forces closely related to the glacial lake outburst.
Generally speaking, a moraine-dammed lake breach intrinsically results from the accumulation of water and heat. Therefore, the background of the climate can be regarded as the
preconditions of the moraine-dam failure, with the abnormal
climate changes facilitating MDLOF events (Lv et al., 1999;
Nat. Hazards Earth Syst. Sci., 12, 3109–3122, 2012
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Table 1. Selected indicators of PDMDLs.
Indicator

Criterion

morphological type
size of moraine-dammed lake
change in moraine-dammed lake area
material characteristics of moraine dam
distance between lake and parent glacier

moraine-dammed lake
more than 1 × 105 m2
obviously enlarging
loose/formed since the Little Ice Age
less than 500 m

Table 2. Documented MDLOF events for moraine-dammed lakes on the Tibetan Plateau, their size and available data.
No.*

Lat.

Long.

date

Volume/peak
Available data
flow
(106 m3 /m3 s−1 ) or documents**

(N)

(E)

Longdaco, China

28◦ 400

Zhangzangbu, China

28◦ 040

85◦ 250

1964.8.25

10.8 / –

DEM, topography map, aerial photo

86◦ 040

1981.7.11

19/1600

DEM, topography map, aerial photo

Taraco, China

28◦ 180

86◦ 080

3
4

1935.8 6.

3/ –

DEM, topography map, aerial photo

Ayaco, China

28◦ 210

86◦ 290

1968.8.15
1969.8.17
1970.8.18

–/–
–/–
90 / –

DEM, topography map, aerial photo

5

Jinco, China

28◦ 120

87◦ 390

1982.8.27

12.8/ –

DEM, topography map, aerial photo

6

Gelhaipco, China

27◦ 580

87◦ 490

1964.9.21

23.4/4500

DEM, topography map, aerial photo

Qunbixiamaco, China

27◦ 510

88◦ 550

1940.7.10

12.4/3690

DEM, topography map, aerial photo

8

Sangwangco, China

28◦ 140

90◦ 060

1954.7.16

300/ ∼ 104

DEM, topography map, aerial photo

9

Zarico, China

28◦ 120

90◦ 230

1981.6.24

–/–

DEM, topography map, aerial photo

10

Degapuco, China

28◦ 260

91◦ 070

2002.9.18

–/–

DEM, topography map, aerial photo, ASTER image

11

Damenlahecho, China

29◦ 520

93◦ 020

1964.9.26

2/2000

DEM, topography map, aerial photo

12

Bogeco, China

31◦ 440

94◦ 430

1972.7.23

DEM, topography map, aerial photo

Guanxieco, China

29◦ 280

96◦ 300

1988.7.15

DEM, topography map, aerial photo

14

Lugge Tsho, Bhutan

28◦ 050

90◦ 180

1994.10.7

17.2/ –

Fujita et al. (2008), SPOT

15

Nagma Pokhari, Nepal

27◦ 520

87◦ 520

1980.6.23

–/–

Bajracharya et al. (2007)

16

Nare, Nepal

27◦ 500

86◦ 500

1977.9.3

–/–

Bajracharya et al. (2007)

17

Tam Pokhari, Nepal

27◦ 440

86◦ 510

1998.9.3

17/ –

Bajracharya et al. (2007), TM image

18

Dig Tsho, Nepal

27◦ 020

86◦ 350

1985.8.4

6–10/1600–
2350

Vuichard and Zimmerman. (1987)

19

Chubung, Nepal

27◦ 530

86◦ 280

1991.7.12

–/–

Mool et al. (2001a), TM image

1
2

7

13

Lake

Flood

* The number identifying the MDLOF lake in Fig. 1. ** For MDLOFs No. 1 to No. 13, we also referenced the documents of Liu and Sharma (1988), Xu and Feng (1989)
and Lv et al. (1999), which summarized in situ surveys in China.

Cheng et al., 2009). To measure the climatic preconditions,
we analyzed average temperatures for the last three summers
(from June to September) and annual precipitation for the last
three years before the occurrence of each historic MDLOF
event. In addition, the wet–dry precipitation condition and
warm–cold temperature condition were rated; the rating criteria are listed in Table 3. According to analysis of the climatic background of the documented MDLOF events on the
Tibet Plateau, historic MDLOF preconditions were divided
into four types: warm-wet, warm-arid, cold-wet and normal
climate. Among the events, 40 % of MDLOFs occurred after

Nat. Hazards Earth Syst. Sci., 12, 3109–3122, 2012

warm-wet conditions, 34 % after warm-dry conditions, 13 %
after cold-wet conditions and 13 % after conditions of normal
climate.
Second, we constructed an event tree of moraine dam failure. Under certain climatic preconditions and during the accumulation of lake water and heat in a PDMDL basin, the
physical status of the parent glacier, the lake water, and
moraine dam may inevitably change. The lake may eventually fail via a trigger mechanism or a dominant trigger mechanism integrated with secondary trigger mechanisms. Therefore, an MDLOF event is essentially a cause-and-effect chain

www.nat-hazards-earth-syst-sci.net/12/3109/2012/
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Table 3. Climatic preconditions causing moraine-dam failure and the discriminating criteria.
Code

Climatic precondition (i)

Criteria

A

wet year

annual precipitation ≥ (average annual precipitation over 40 yr + 10 % of average annual
precipitation over 40 yr)

B

dry year

annual precipitation ≤ (average annual precipitation over 40 yr − 10 % of average annual precipitation over 40 yr)

C

warm summer

daily average temperature of summer (June–September) ≥ (daily average temperature
of summer (June–September) over 40 yrs + 0.1 ◦ C)

D

cold summer

daily average temperature of summer (June–September) ≤ (daily average temperature
of summer (June–September) over 40 yr − 0.1 ◦ C)

E

normal year

annual precipitation varied between A and B, daily average temperature of summer
(June–September) varied between C and D

process and can be described as a sequential event tree. In
establishing an event tree method for a potentially dangerous glacial lake, all possible breach modes should be considered under all possible climatic preconditions. On the basis
of the mechanism documented for 19 failed moraine dams
(Liu and Sharma, 1988; Xu and Feng, 1989; Lv et al., 1999;
Bajracharya et al., 2007; Mool et al., 2001a, b), under different climatic preconditions, we distinguished the precursory developments of MDLOFs and subdivided a sequential
event tree of an MDLOF into 17 possible breach modes, with
each mode having three or four components; we combined
the preconditions and the mode and its chain components to
construct a decision-making tree of moraine-dam failure (Table 4).
Third, we calculated the breaching probability of the potentially dangerous moraine-dammed lake using a decisionmaking tree for the failure of the moraine dam as follows.
(1) Under a certain climatic precondition, the occurrence
probability for a chain component of a breach mode follows
the conditional probability law, and can be expressed as

P (i, j ) =

s
Y

P (i, j, k),

(1)

complements:
P (A1i + A2i + · · · + Ani ) = 1 −

www.nat-hazards-earth-syst-sci.net/12/3109/2012/

[1 − P (i, j )],

(2)

j =1

where P (A1i , A2i , . . ., Ani ) is the estimated upper bound
conditional probability of failure under precondition i; A1i ,
A2i , . . . , Ani are several individual breach modes under precondition i; and P1i to Pni are the estimates of the occurrence probabilities of several individual breach modes under
precondition i.
(3) Different preconditions are mutually exclusive in that
the moraine-dam failure is usually not repeatable (e.g. among
19 documented MDLOFs in the Himalayas, only Ayaco repeatedly breached, in 1968, 1969 and 1970). Thus, it is supposed that the dam of a PDMDL only fails under a certain climatic precondition and consequently follows the addition theorem of probability. That is, the ultimate dam-failure
probability of a PDMDL is equal to the sum of probabilities
calculated using Eq. (2) under different preconditions:
P=

m
X

P (A1i + A2i + ... + Ani ) + E,

(3)

i=1

k=1

where P (i, j ) is the probability of a moraine dam failing under the i-th climatic precondition for the j -th precursory developments; i = 1, 2, . . ., m is the climatic precondition; j =
1, 2, . . ., n is the precursory developments; and k = 1, 2, . . ., s
is the component of precursory developments.
(2) All breach modes are not mutually exclusive under a
certain climatic precondition (i.e. the failure of the morainedammed lake can be triggered by several breaching modes simultaneously). Therefore, the occurrence probability for all
possible modes under a certain precondition should be calculated using De Morgan’s law. In the case of precondition
i, the upper bound conditional probability estimated from
De Morgan’s law is the occurrence probability of all possible modes, which is equal to one minus the product of the

n
Y

where E is a constant giving the occurrence probability for
non-climatic modes, such as a dam failing owing to an earthquake or human engineering.
4.3

Quantifying the probabilities of components in
breach modes

The occurrence probabilities of some components in breaching mode are generally estimated using expert judgment and
guidelines for conversion between the qualitative description of components and quantitative magnitude probability
(Huggel et al., 2004; McKillop et al., 2007; Mergili and
Schneider, 2011), and the conversion guidelines have been
described in detail for the probability of earth-dam failure
(Peng, 2003). A weighing scheme of ordering the selected
Nat. Hazards Earth Syst. Sci., 12, 3109–3122, 2012
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Table 4. Breaching mode and its chain components for a moraine-dammed lake under different climatic preconditions.
Climatic preconditions (i)

Precursory developments (j )

Warm-wet

Warm-dry

Cold-wet

Normal

X

X

X

X

X

Key component (k)

positive mass
balance

ice-flow speeding up

avalanche

wave-induced incision

dam breach

ice-flow speeding up

glacier moving faster

wave-induced incision

dam breach

wave-induced incision

dam breach

X

X

X

ice bed thawing

glacier moving faster

X

X

X

glacier strongly melting

overflow incision

X

heavy rain/snow

overflow incision

dam breach

ice thawing in dam

seepage enlarging

dam breach

X
X

X
X

X

heat accumulation in dam

variables after the estimation of hazard potential from highest
to lowest has been constructed according to the literature and
past MDLOF events (Bolch et al., 2011). In this paper, we establish conversion guidelines so as to quantify the probabilities of components of a breach mode for moraine-dam failure employing the historic performance method combined
with expert knowledge and experience. The historic performance method considers the probability of historic MDLOF
events to determine the possibility of MDLOF events occurring in the future. We abstract the relationships between
breach mode components of the documented MDLOF events
on the Tibetan Plateau and generalize the guidelines for conversion between the occurrence probability magnitudes of
components and physical characteristics of the parent glacier,
dam and lake basin (Table 5).
Theoretically, the occurrence probability of each component for a breach mode under a climatic precondition should
be evaluated, and eventually, a description of the probability of the whole event tree of the moraine-dam failure is
obtained. However, given the limited knowledge available
and required simplifications, only the key component (e.g.
an avalanche, a glacier moving more quickly, seepage enlargement or overflow incision) in a breach mode is evaluated
with different probability magnitudes according to physical
characteristics of the parent glacier, dam and lake basin, as
presented in Table 5. This is a feasible approach because the
key components of precursory developments presented in Table 4 indicate the mechanism of the lake outburst, and they
were the key factors resulting in dam breach.
Although their precursory developments are forced by climatic factors, the non-climatic components, such as earthquakes and engineering, fall outside the application domain
of our event tree method. Although the components are not
found to trigger MDLOFs at present on the Tibetan Plateau,
we cannot rule out their future effects. We arbitrarily quantify
the non-climatic components with an occurrence probability
magnitude of 0.01 (constant E in Eq. 3) guided by the evaluation method for reservoir failure (Peng, 2003). Each indicator
of the physical setting is scored independently; i.e. a single
indicator with a high occurrence probability magnitude may
be sufficient for the overall probability of the key component
Nat. Hazards Earth Syst. Sci., 12, 3109–3122, 2012

dam breach

being high, irrespective of the ratings of other indicators of
the key component. Further explanations of the guidelines in
Table 5 are as follows.
(1) The volume of dangerous glacier (VDG) refers to the
glacier volume from the location of abrupt change in the
slope to the glacier terminus or the volume of terminal glacier
where ice cracks are well developed, and the index of the
VDG is the ratio of the VDG to the volume of lake water.
The VDG is the area of dangerous glacier multiplied by the
thickness of dangerous glacier. The area of dangerous glacier
was measured from the topographical map and the thickness
of the dangerous glacier was largely calculated using (Paterson, 1994)
h = τ/kρg sin α,

(4)

where τ is the shear stress across the bottom of the dangerous glacier, largely ranging from 100 kPa for small mountain glaciers to 150 kPa for large mountain glaciers (Haeberli and Hoelzele, 1995); ρ = 900 kg m−3 is the density;
g = 10 m s−1 is acceleration due to gravity; α is the average
surface slope of the VDG; and k is a factor in the range of 0.5
to 0.9 for a valley glacier (Paterson, 1994). Several statistical
formulae are available for calculating the lake volume (V )
from the lake area (A) (Huggel et al., 2002; McKillop et al.,
2007a; Yao et al., 2012). To calculate the lake volume, we
summarized in situ measurements for 20 moraine-dammed
lakes in the Himalayas from the literature, which yielded
V = 0.0354A1.3724

where r 2 = 0.919.

(5)

The regression of volume against area has a very high coefficient of determination (r 2 = 0.919), reflecting the dependency of volume on area. However, volume is generally calculated from area and depth measurements, and the use of
lake area in both variables of Eq. (5) suppresses the relatively large scatter in the relation between the originally measured lake area and water depth, and thus suppresses important information about the uncertainties involved in the applied correlation. It is more reasonable to plot the mean water depth against lake area. The lake depth–area regression
for the 20 moraine-dammed lakes in the Himalayas is
D = 0.087A0.434

where r 2 = 0.503.

(6)
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Table 5. Guidelines for quantifying the occurrence probabilities of key components of precursory developments on the basis of physical
characteristics of the parent glacier, dam and lake basin of documented MDLOF events on the Tibetan Plateau.
Key component (k)

Occurrence probability magnitude

Indicator of physical setting
> 0.7

avalanche

glacier motion

seepage enlarging

overflow incision

0.7–0.3

0.3–0.1

> 0.3

0.1–0.3

0.01–0.1

< 0.01

ice cracks
developed and icefall
occurred

ice cracks
developed

ice cracks observed

no ice cracks observed

8–20

3–8

<3

0

0–500

> 500

0

0–500

> 500

> 20

8–20

3–8

<3

<1

1–2

2–10

> 10

dead ice in dam

undulated dam surface
indicating dead ice
melting

dead ice exists

dead ice possibly
exists

no dead ice detected

DWH ratiob

<1

1–2

2–10

> 10

Ratio of freeboard to dam height

zero, overflow
emergence and loose
moraine being eroded

near zero

relatively small

relatively large

index of VDGa
ice cracking of VDG

slope of VDG (◦ )

> 20

distance from VDG to lake (m)

VDG extended into the
lake
zero; glacier moving
more quickly

slope of glacier tongue (◦ )
DWH ratiob

distance of lake to glacier (m)

< 0.1

a VDG is the volume of dangerous glacier, which refers to the glacier volume from the location of abrupt change in the slope to the glacier terminal, or the volume of the terminal
glacier where ice cracks are well developed; the index of the VDG is the ratio of the VDG to the volume of lake water. b The DWH ratio is the ratio of the dam width to height.

For the moraine-dammed lakes in the Himalayas, there is a
statistically significant power trend (α < 0.05) between the
lake area and depth. To calculate the depth of each PDMDL,
Eq. (5) can be rewritten as
D = 0.0354A0.3724 .

(7)

The depth of each PDMDL can be calculated using either
Eq. (6) or Eq. (7), and the relative value of difference between calculated depths is
[|Depth resulted from Eq. (7) – Depth resulted from Eq. (8)|/
Depth resulted from Eq. (7)] × 100 %.
(8)
The relative differences between depths calculated with
Eq. (6) and those calculated with Eq. (7) among all PDMDLs
ranged from 0.42 % to 14.3 % and had an average value of
8.2 %. These results convey the uncertainty due to the high
variability of lake geometry in nature.
Data are available for 11 of the 19 MDLOFs to calculate
their VDG index before failure. Results show that the VDG
indexes varied 0.11–0.52, with 80 % of values exceeding 0.3.
On the other hand, Huggel et al. (2004) believed that if the
ratio of the volume of material falling into the lake to water
volume is 1–0.1, then the moraine-dammed lake will breach
completely; if the ratio of the volume of material falling into
the lake to water volume is 0.1–0.01, then the breach probability is high. Therefore, we take 0.3, 0.1 and 0.01 as the
thresholds of the VDG index to quantify the occurrence probabilities.
www.nat-hazards-earth-syst-sci.net/12/3109/2012/

(2) The slope thresholds of the glacier tongue or VDG of
the parent glacier are set at 20◦ , 8◦ and 3◦ since the slope of
the parent glacier tongue of documented GLOF lakes varies
3◦ –20◦ but more than half exceed 8◦ on the Tibetan Plateau
(Lv et al., 1999).
(3) Among the 19 documented MDLOF events on the Tibetan Plateau, all glacier terminuses were closer than 500 m
to their respective lakes, with 14 extending into their lakes.
If the glacier terminus extends into the lake, the terminus
will melt along the surface water by thermal undercutting,
which increases the probability of an MDLOF event (Lv et
al., 1999; Cui et al., 2003). Therefore, the distance from the
lake to the glacier terminal was categorized as extension into
the lake, 0 m, 0–500 m or > 500 m.
(4) Moraine-dam failure usually involves aspects of slope
stability, piping (progressive groundwater flow) and/or retrogressive erosion. Generally, the smaller the dam width to
height (DWH) ratio is, the more likely the dam is to breach
when only the DWH ratio is considered (Huggel et al., 2002;
Clague and Evans, 2000). Huggel et al. (2004) believed that
moraine dams with DWH ratio less than 1 are susceptible to breach in the Swiss Alps. However, moraine dams
in the Himalayas are usually larger than those in the Alps.
Calculations show that the DWH ratio for past-documented
MDLOFs varied from 0.6 to 1.7. Additionally, we arbitrarily
consider that a lake with a DWH ratio more than 10 has a low
probability to breach.
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331
0.06–0.12), medium (24 lakes, 0.12–0.18), high (47 lakes, 0.18–0.24), and very high (4
332
>0.24), as shown in Figures 1A and 4. Two PDMDLs in the Pumqu basin of the
333
Himalayas, which have outburst probability categories of “very high” (A, 87°38′E, 28°06
3116
X. Wang et334
al.: An“medium”
approach for
the breach
probabilities
moraine-dammed
lakes 28°07′N) a
(B, estimating
87°37′E, 28°07′N)
respectively,
and aofnon-PDMDL
(C, 87°39′E,
335
in the aerial photograph in Figure 2.
(5) Moraine dams of PDMDLs in the study area comGlacier terminus
Far away from glacier terminus(>500m)
prise loose moraine. The presence of dead ice in a moraine
with developed water drainage system
dam is a potentially dangerous trigger of breaching (Yesenov
B
and Degovets, 1979; Reynolds et al., 1998; Richardson and
Reynolds, 2000; Kattelmann, 2003), and when the melting
C
Gentle, wide-crested
of the dead ice accelerates, greater seepage becomes more
moraine dam
likely.
(6) Ratio of freeboard to dam height. The ratio of freeboard to dam height (here we chose the lowest part of the
dam to measure the dam height and freeboard) directly indicates the possibility of overflow incision, and the lower the
Glacier terminus
contacts with lake
ratio of freeboard to dam height is, the more likely the dam
is exposed to overflow incision (Huggel et al., 2004; Bolch
A
et al., 2008). Although no guidelines were found in the litN
erature to quantify the occurrence probability magnitude of
Narrow, sharp-crested
overflow incision according to the ratio of freeboard to dam
1 km
moraine dam
height, there should undoubtedly be 336
high probability when
Figure
2 Two
the ratio of freeboard to dam height 337
approaches
zero,
espe-lakes having outburst probabilities of “very high” (A, 87°38′E, 28°06′N), “m
Fig. 2. Two lakes having outburst probabilities of “very high” (A,
cially when overflow emerges and the
loose moraine
of the 28°07′N)
338
(B, 87°37′E,
and a non-PDMDL (C, 87°39′E, 28°07′N) in the Pumqu basin of
87◦ 380 E, 28◦ 060 N) and “medium” (B, 87◦ 370 E, 28◦ 070 N) and a
dam is being eroded.
◦ 070 N)
339
Himalayas seen innon-PDMDL
an aerial photograph.
photograph
wasbasin
reproduced
(C, 87◦ 390 The
E, 28aerial
in the Pumqu
of the with perm
Himalayas
are
seen
in
an
aerial
photograph.
The
aerial
photograph
340
from the Cold and Arid Regions Environmental and Engineering Research Institute
was reproduced with permission from the Cold and Arid Regions
5 Model results
341
Environmental and Engineering Research Institute.

According to the selected indicators342
in Table
1, there are
6 Discussions
142 PDMDLs among the 1680 present-day lakes in the Chi2
nese Himalaya; the PDMDLs have a 343
total area
68.13 kmsources
6.1ofPotential
of error
during
the past 30 yr. We obtain the slope of the tongue of
and an average altitude of 5220 m. The outburst probability
a parent
glacier
from a DEM
as representative
of theon
slope
344
The reliability of
the breach
probability
depends,
to a large degree,
the quality of
of the 142 lakes ranged from 0.037 to 0.345 as determined
in First,
the 2000s,
and the
slope
in the
1970s
may be inconsistent
345
on
which
it
is
based.
the
source
data
of
the
model
parameters
are
for
different time
using the above event tree method. Guided by a prioritization
with that in the 2000s because of different melting rates dur346
which undoubtedly
introduce errors. The geometric parameters of the moraine dam
rule for the outburst probability of moraine-dammed
lakes
ing the past 30 yr. However, it is acceptable to consider that
from very high to very low (McKillop
and
Clague,
2007b),
347
originally obtained local
from inconsistencies
aerial photographs
taken in
thea 1970s
1980s;
however, we
of melting
have
limitedand
effect
on the
we classify outburst probabilities of the 142 lakes as very
slope
of the
whole
glacier
tongue. the
Second,
the ASTER
im- lake outbu
348
data as representative
of the
2000s
when
calculating
probability
of glacial
low (four lakes, < 0.06), low (24 lakes, 0.06–0.12), medium
ages
cover
different
seasons
in
a
5-yr
period
(2004–2008),
feasible
the geometric parameters of a dam have not changed greatly during the past 3
(24 lakes, 0.12–0.18), high (47 lakes,349
0.18–0.24),
andthat
very
and thus, the geometric parameters of parent glaciers include
Weand
obtain
the slopeboth
of the
tongue of a parent glacier from a DEM as representative of the
high (43 lakes, > 0.24), as shown in350
Figs. 1a
4. Two
seasonal and annual inconsistencies. We cannot quanPDMDLs in the Pumqu basin of the
Chinese
Himalayas,
351
the 2000s, and thetitatively
slope in evaluate
the 1970s
inconsistent
with that
in the 2000s bec
themay
errorbedue
to this temporal
variation.
which have outburst probability categories of “very high” (A,
However, the probabilities estimated by the model are even87◦ 380 E, 28◦ 060 N) and “medium” (B, 87◦ 370 E, 28◦ 070 N),
11 intervals, which reduce the
tually grouped into probability
◦
0
◦
0
and a non-PDMDL (C, 87 39 E, 28 07 N) are seen in the
effect of temporal inconsistencies. In addition, as an indiaerial photograph in Fig. 2.
cator of the change in lake area to identify PDGLs (potentially dangerous glacial lakes), we simply consider whether
the lake area is expanding or not, with no consideration of
6 Discussions
the magnitude of the expansion, which reduces the effects of
temporal errors.
6.1 Potential sources of error
Some errors in the remote-sensing data may result in
misinterpretations; for example, the physical attributes of
The reliability of the breach probability depends, to a large
the moraine dam and the outline of the glacial lake may
degree, on the quality of the data on which it is based. First,
be misinterpreted owing to snow cover, cloud cover, shadthe source data of the model parameters are for different time
ows, and distortion due to high-relief terrain. Photogramperiods, which undoubtedly introduces errors. The geometric
metric measurements may be inaccurate owing to limitaparameters of the moraine dam were originally obtained from
tions imposed by aerial photography and the ASTER image
aerial photographs taken in the 1970s and 1980s; however,
scale, object clarity, and the skill of the interpreter. In this
we take the data as representative of the 2000s when calculatstudy, percentage errors in distance and slope measurements
ing the probability of glacial lake outburst. It is feasible that
were evaluated by comparing aerial photographs and ground
the geometric parameters of a dam have not changed greatly
Nat. Hazards Earth Syst. Sci., 12, 3109–3122, 2012
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Table 6. Comparison of aerial photogrammetric measurements with field-based measurements.
Lake

Zonggyaco
Riwopuco
Qangzonkco
Longbasaba
Bugaco
Abmachimaico
Paquco
Riwopuco
Qangzonkco
Lake No.14
Zonggyaco
Longbasaba
Paquco
Zonggyaco
Abmachimaico
Lake No.14
Bugaco
Guangxieco
Longbasaba
Shenmoco
Sheneco

Lat.
(N)

28◦ 070
28◦ 030
27◦ 560
27◦ 570
28◦ 140
28◦ 060
28◦ 180
28◦ 030
27◦ 560
28◦ 190
28◦ 270
27◦ 570
28◦ 180
28◦ 070
28◦ 060
28◦ 190
28◦ 140
29◦ 250
27◦ 570
28◦ 160
28◦ 140

Long.
(E)

87◦ 390
87◦ 380
87◦ 460
88◦ 040
89◦ 530
87◦ 380
86◦ 090
87◦ 380
87◦ 460
85◦ 500
87◦ 390
88◦ 040
86◦ 090
87◦ 390
87◦ 380
85◦ 500
89◦ 530
96◦ 300
88◦ 040
90◦ 040
90◦ 060

Terrain
feature

Measurement

crest width of moraine dam (m)
crest width of moraine dam (m)
crest width of moraine dam (m)
crest width of moraine dam (m)
moraine dam height (m)
moraine dam height (m)
moraine dam height (m)
moraine dam height (m)
moraine dam height (m)
moraine dam height (m)
moraine dam height (m)
moraine dam height (m)
dam slope outside (◦ )
dam slope outside (◦ )
dam slope outside (◦ )
dam slope outside (◦ )
dam slope outside (◦ )
slope of parent glacier tongue (◦ )
slope of parent glacier tongue (◦ )
slope of parent glacier tongue (◦ )
slope of parent glacier tongue (◦ )

Source of field
measurement data

Field

Photogrammetric

Error
(%)

40
25
30
163
100
118
80
20
80
80
40
100
13
10
17
14
5
4
11
4
30

44
27
26
150
85
100
65
30
75
90
48
96
20
8
18
15
7
5
10
5
28

10
8
13
8
20
15
19
50
5
13
20
4
54
20
6
7
40
25
9
25
7

Liu and Sharma (1988)
Liu and Sharma (1988)
Liu and Sharma (1988)
Wang et al. (2008)
Chen et al. (1996)
Liu and Sharma (1988)
Liu and Sharma (1988)
Liu and Sharma (1988)
Liu and Sharma (1988)
Liu and Sharma (1988)
Liu and Sharma (1988)
Wang et al. (2008)
Liu and Sharma (1988)
Liu and Sharma (1988)
Liu et al. (1988)
Liu and Sharma (1988)
Chen et al. (1996)
Li and You (1992)
Wang et al. (2008)
Chen et al. (1996)
Chen et al. (1996)

error = [|photogrammetric measurement – field measurement| / field measurement] × 100 %.

measurements. The absolute values of the distance measurement error vary from 2 to 20 m and the absolute values of
the slope measurement error vary from 1◦ to 7◦ . The percentage errors in distance measurements were generally less
than 20 %, and the percentage errors in slope measurements
were generally less than 25 %; the larger percentage errors
(e.g. 54 % and 50 %) were for smaller measurement values
(Table 6).
6.2

Selected indicator of a potentially dangerous glacial
lake

Indicators were selected to preliminarily identify the PDGLs
before calculating breach probabilities. No non-morainedammed lake outburst hazard events have been recorded in
the Himalayas. Thus, this article only analyzes the potential
hazard posed by moraine-dammed lakes, although we cannot exclude the chance of future breaching events involving
other types of lake.
Generally speaking, only a moraine-dammed lake larger
than a certain size can possibly induce damage. The minimum magnitude of 105 m2 for the lake area was taken as the
threshold from the analysis of GLOF events in China (Lv
et al., 1999; Cui et al., 2003). Some researchers have concluded that a glacial lake larger than 0.2 km2 may be a potential danger (Mool et al., 2001; Che et al., 2004). It can be
www.nat-hazards-earth-syst-sci.net/12/3109/2012/

said that the threshold for identifying potentially hazardous
lakes is dynamic and should be adjusted according to socioeconomic development and the expansion of human activity
to mountain areas. In this paper, we take the smallest magnitude (105 m2 ) of historic GLOF events in the Himalayas
as identification criteria and arbitrarily exclude lakes smaller
than the threshold.
Old moraine-dammed lakes (formed before the Little Ice
Age) are usually stable owing to the dams being consolidated
or metamorphic. Therefore, we only consider lakes dammed
by loose moraine and exclude lakes that formed before the
Little Ice Age when identifying the PDGLs. Additionally, the
dynamics of the parent glacier are directly associated with
GLOF occurrence, and the distance between the lake and parent glacier is the most direct measure of the degree of their
linkage. A horizontal distance threshold of 500 m is chosen
in this paper since the horizontal distances between the lake
and parent glacier for all recorded GLOF events in China
were less than 500 m (Lv et al., 1999).
6.3

Criteria of the occurrence probability magnitude

At present, there are experiences or guidelines for conversion from qualitative descriptions to quantitative probability
values in the case of MDLOF events (Huggel et al., 2004;
McKillop et al., 2007; Mergili et al., 2011). On the basis
Nat. Hazards Earth Syst. Sci., 12, 3109–3122, 2012
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422
423
424
approach
425
426

investigated in the field in 2006 and 2009, and the in situ evaluation indicated the two lakes
remained at a high risk of failure (Wang et al., 2008). On the other hand, there were six examples
of lakes posing a high risk before breach and another seven lakes posing a low or medium risk
for estimating
the breach
probabilities
of moraine-dammed
lakes
after
breach (see section
6.5 and Figure
4). Thus, probability
thresholds of 0.24,
0.18, 0.12 and
0.06 seem appropriate and were arbitrarily used to prioritize the probability rates in this paper.

100
4
of re-analysis of historic MDLOF events and guided by the
90
methodology of prioritizing probability intervals of earth80
No. drained lakes
dammed lakes (Peng, 2003), we obtained quantitative criteria
3
Cumulative drained lakes (%)
70
to quantify the occurrence probabilities of key components
60
of breach modes (Table 5). Four probability intervals were
50
2
set for each key component from the highest (> 0.7) to low40
est (< 0.1) on the basis of photogrammetric measurements.
30
1
However, it is difficult to apply some conversion guidelines
20
to remote-sensing data, and there are uncertainties when
10
making judgments using remote-sensing data. To make the
0
0
100
90
80
70
60
50
40
30
20
10
0
judgments as objective as possible, we take the average of
Outburst
probability
(%)
quantitative judgments made by three experts in 427
assigning
428
Figure 3 Distribution of outburst probability estimates for drained lakes in southwestern British
the probability of the key component.
Fig. 3. Distribution of outburst probability estimates for drained

6.4

Prioritizing the breach probability

429
430
intervals
431
432

high

med
ium

low

Very
low

Cumulative drained lakes (%)

No. drained lakes

very high

Columbia. The black curve is the cumulative percentage of drained lakes based on outburst
lakes in southwestern British Columbia. The black curve is the cuprobability estimates. Breaks in the slope of this curve, for example at 6%, provide an objective
mulative percentage of drained lakes based on outburst probability
basis for defining probability categories (top of graph) (McKillop et al., 2007b).

estimates. Breaks in the slope of this curve, for example at 6 %,
provide an objective basis for defining probability categories (top
Using probability ranges or intervals instead of discrete val433
6.5 Reliability
of the
model results
of graph)
(McKillop
et al., 2007b).
ues ensures that estimates do not convey more precision than
434

Generally speaking, as a potentially dangerous lake is about to breach, the accumulation of

is warranted. Numerous researchers arbitrarily categorized
435
water of the lake basin gradually approaches maximum levels, and the hazard parameters should
probabilities, particularly for display purposes (e.g.
and indicate the most dangerous status; thus, the breach probability should be theoretically
436Dai usually
of the dam. Therefore, we can roughly validate the reliabilLee, 2003; McKillop and Clague, 2007b). A curve
show437
"high". On the other hand, after a moraine-dammed lake has breached, the probability of another
ity of our model results by evaluating the breach probability
ing the cumulative percentage of drained lakes versus
438 proboutburst should generally be low or even zero owing to (1) the large amount of water released
of historic failed moraine-dammed lakes before or after outability provides a more objective basis for defining
439 probainstantaneously and (2) the melting water being unable to accumulate again in the lake basin
bility thresholds (Fig. 3), and the probability thresholds
of of burst.
440
because
the devastation of the dam. Therefore, we can roughly validate the reliability of our
Fifteen
moraine-dammed
lakes
in thefailed
Chinese
Himalayaslakes before
0.24, 0.18, 0.12 and 0.06 were set to prioritize the441
morainemodel results by
evaluating
the breach probability
of historic
moraine-dammed
were
selected
as
examples
(Table
7,
Fig.
4).
According
to the
dammed breaching probabilities as very high, high,442
medium,
or after outburst.
time
at
which
calculation
parameters
were
photogrammetlow and very low, respectively, in British Columbia443(McKil-Fifteen moraine-dammed lakes in the Chinese Himalayas were selected as examples (Table 7,
measured,
Jinco,
lop and Clague, 2007b). Model results indicate444that Figure
the 4). rically
According
to the timeBogeco,
at which Zarico,
calculationZhangzangbuco,
parameters were photogrammetrically
Guangxieco
and
Degapuco
are
representative
of
lakes
bebreach probabilities of the 142 PDGLs in the Chinese Hi14
fore
outburst,
and
their
calculated
probabilities
of
outburst
malayas ranged 0.037–0.345, and it seems that the threshfall in the range of 0.195–0.301 and belong to the very high
olds of 0.24, 0.18, 0.12 and 0.06 can reasonably categorize
or high risk classes. Qunbixiamaco, Sangwangco, Damenlathe hazards from very high to very low. Two lakes that have
hecho, Longdaco, Taraco, Ayaco and Gelhaipco are reprevery high and high breaching probabilities, Longbasaba and
sentative of lakes after dam failure and have outburst probPida (Fig. 1c and d), were investigated in the field in 2006
abilities in the range of 0.049–0.139; Sangwangco (0.139)
and 2009, and the in situ evaluation indicated the two lakes
and Taraco (0.129) belong to the medium risk class and the
remained at a high risk of failure (Wang et al., 2008). On the
other five to the low or very low risk classes. Additionally,
other hand, there were six examples of lakes posing a high
two lakes with very high and high calculated risk, Longrisk before breach and another seven lakes posing a low or
basaba and Pida, which were characterized by rates of area
medium risk after breach (see Sect. 6.5 and Fig. 4). Thus,
increase of 0.0277 and 0.0152 km2 a−1 in 1978–2009, reprobability thresholds of 0.24, 0.18, 0.12 and 0.06 seem apspectively (Fig. 1b), were confirmed to have a high risk of
propriate and were arbitrarily used to prioritize the probabilfailure in a field investigation (Wang et al., 2008). Conseity rates in this paper.
quently, the model for estimating the probability of morainedammed lake outburst in this paper is feasible and its results
6.5 Reliability of the model results
are reliable on the whole.
Generally speaking, as a potentially dangerous lake is about
6.6 Methodology
to breach, the accumulation of water of the lake basin gradually approaches maximum levels, and the hazard parameAn MDLOF usually results from a chain of processes inters should usually indicate the most dangerous status; thus,
volving the interaction of climatic variation, glacier dythe breach probability should be theoretically “high”. On the
namics, permafrost activity, lake change, dam response and
other hand, after a moraine-dammed lake has breached, the
down-valley characteristics (Huggel et al., 2004; McKilprobability of another outburst should generally be low or
lop et al., 2007a). Haeberili et al. (2010) provided a brief
even zero owing to (1) the large amount of water released inoverview of existing knowledge of glacial lakes in highstantaneously and (2) the melting water being unable to acmountain environments, focusing on hazard assessment,
cumulate again in the lake basin because of the devastation
Nat. Hazards Earth Syst. Sci., 12, 3109–3122, 2012
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08). Consequently, the model for estimating the probability of moraine-dammed lake outburst in
s paper is feasible and its results are reliable on the whole.
Table
7. Probabilities
example for
moraine-dammed
lakes
showing
X.
Wang
et al.: Anfor
approach
estimating the
breach
probabilities of moraine-dammed lakes
Lake
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the reliability of the event-tree model
Table Flood
7. Probabilities
forofexample
moraine-dammed
showing level
the reliability
of the event-tree model.
Date
parameter
Occurrence lakes
Prioritizing
and remarks

Longdaco
Zhangzangbu
Taraco
Ayaco
Jinco
Gelhaipco
Qunbixiamaco
Sangwangco
Zarico
Degapuco
Damenlahecho
Bogeco
Guanxieco
Longbasaba
Pida

date
capture
No.* Lake
1964.8.25 1974.10
1981.7.11 1974.11
Longdaco
1935.8 6 1 1974.10
2
Zhangzangbu
1968.8.15 1980.11
3
Taraco
1982.8.274 1974.10
Ayaco
1964.9.215 1978.7
Jinco
Gelhaipco
1940.7.106 1980.11
Qunbixiamaco
1954.7.167 1980.11
8
Sangwangco
1981.6.249 1980.11
Zarico
2002.9.1810 1980.11
Degapuco
Damenlahecho
1964.9.2611 1970.11
12
Bogeco
1972.7.23 1970.11
13
Guanxieco
1988.7.15 1980.11
Longbasaba
1978.7
Pida
1978.7

probability
Flood
0.120
date
0.297
1964.8.25
0.129
1981.7.11
0.103
1935.8.6
0.288
1968.8.15
0.049
1982.8.27
1964.9.21
0.104
1940.7.10
0.139
1954.7.16
0.264
1981.6.24
0.195
2002.9.18
1964.9.26
0.066
1972.7.23
0.301
1988.7.15
0.231
–
0.296
–
0.209

* The number identifying the MDLOF lake in Fig. 1.

Date of
Occurrence
after breach, medium
parameter capture probability
before breach, very high
1974.10
after
breach, medium 0.120
1974.11
0.297
after breach, low
1974.10
0.129
before
breach, very high 0.103
1980.11
after
breach, very low 0.288
1974.10
1978.7
0.049
after
breach, low
1980.11
after
breach, medium 0.104
1980.11
0.139
before
breach, very high 0.264
1980.11
before
breach, high
1980.11
0.195
1970.11
0.066
after
breach, low
1970.11
before breach, very high 0.301
1980.11
0.231
before breach, high
1978.7
0.296
field
survey verified, very0.209
high
1978.7
field survey verified, high

Prioritizing level
and remarks
after breach, medium
before breach, very high
after breach, medium
after breach, low
before breach, very high
after breach, very low
after breach, low
after breach, medium
before breach, very high
before breach, high
after breach, low
before breach, very high
before breach, high
field survey verified, very high
field survey verified, high

The number identifying the MDLOF lake in Figure 1.

Number of PDMDLs

Low

Very low

50

Medium

High

Very high
12
2

40
30

13

Gap
8

20
7
10
6
0
0

11
0.06

1

10

3

4
0.12

0.18
0.24
Breach probability

9

5

PDMDLs
After breach
Before Breach
field verified
0.3

0.36

15
Fig. 4. Distribution of breach probability
for PDMDLs and 15 example moraine-dammed lakes (numbers are the identifying numbers of the MDLOF lakes in Fig. 1a). The scale with intervals of
0.06 defines the probability rates (top of graph). The evident gap
marked by the arrows between after-breach (very low to medium
breach probability) and before-breach (high to very high breach
probability) lakes shows the reliability of the event-tree model.

physical processes, and challenges facing future basic and
applied research. Therefore, evaluating the hazards of the
MDLOF is a systematic process that involves not only physical aspects (e.g. causes, outburst probability, magnitude, and
trajectory), but also social factors (e.g. population density, response, preparedness, and prevention) (Carey, 2005; Hegglin
and Huggel, 2008). In this article, we presented a first-order
method to identify PDMDLs and estimate the outburst probability of moraine-dammed lakes from remote-sensing data.
There have been at least three achievements in identifying
PDMDLs from remote-sensing data. It has been argued that
the existence of (1) a gradual surface slope and displacement
www.nat-hazards-earth-syst-sci.net/12/3109/2012/

of the glacier tongue, (2) a relatively thin debris layer that
lowers the glacier surface, and (3) a particularly deep part
of the glacier bed favor the formation and development of
PDMDLs (Reynolds, 2000; Quincey et al., 2007; Suzuki et
al., 2007; Röhl, 2008; Sakai and Fujita, 2010; Frey et al.,
2010; Salerno et al., 2012). To identify PDMDLs in a region,
from the view of glacier dynamics, lake type and change,
dam characteristics and down-valley status, and guidelines
and thresholds for indicating PDMDLs have been comprehensively generalized according to historic MDLOF events
(Huggel et al., 2004; McKillop et al., 2007a; Lv et al., 1999).
Recently, calculating the breach probability and rating the
danger of glacial lakes have been confirmed to be promising approaches, and geostatistics, empirical models, remote
sensing and geographic information systems have been put
forward to quantify the probability of glacial lake failure in
southwestern Pamir, southwestern British Columbia, southeast Tibet and northern Tien Shan (Mergili and Schneider,
2011; McKillop et al., 2007b; Wang et al., 2011; Bolch et
al., 2011). However, the available approaches have included
limitations when they have been popularized to calculate and
rate the breach probability of PDMDLs outside the source
region of historic sample MDLOFs, because the guidelines
created from the historic sample MDLOFs were characterized by local geographical features (McKillop et al., 2007a).
Few methods have been presented to calculate and rate the
breach probability of PDMDLs in the Himalayas.
The approach proposed here is intended to allow mathematical estimation of the breach probabilities of PDMDLs
over a large area based on remote-sensing data. Unlike previous works, we developed our approach from the view
of modeling the triggering chain of a possible breach of a
moraine dam, which is assumed to be more suitable for the

Nat. Hazards Earth Syst. Sci., 12, 3109–3122, 2012

3120

X. Wang et al.: An approach for estimating the breach probabilities of moraine-dammed lakes

cause-and-effect chain of the breach process of a morainedammed lake. In addition, analyzing the possible breaching
modes and qualifying the chain components of a morainedammed lake have not been addressed previously in this
detailed way. The reliability analysis of the model results
shows that our suggested approach successfully indentifies
PDMDLs and rates their level of danger in the Chinese Himalayas and presents criteria for deciding where time- and
cost-intensive field studies should be carried out.
There are three main limitations to the presented approach.
(1) The geometry parameters of the dam and parent glacier
were obtained from the DEM data produced by aerial-survey
topographic maps that are not easy to obtain. Freely available DEMs, such as the ASTER GDEM and the SRTM, have
been commonly used to measure glacial lakes and shown to
be suitable for a first assessment, but they include inaccuracies (Bolch et al., 2011; Frey et al., 2010; Fujita et al.,
2008). High-resolution satellite images such as those taken
by SPOT5 (2.5-m resolution in the panchromatic band) and
IKONOS (1-m resolution in the panchromatic band) may
provide alternative data for the aerial-survey DEMs. (2) The
criteria of the occurrence probability magnitude were generalized from sample historic breaching of moraine-dammed
lakes in the Himalayas, and it would thus be prudent to popularize the criteria for regions outside the Himalayas. On the
other hand, the criteria of the occurrence probability magnitude may be adjusted as samples of the breaching of morainedammed lakes are renewed or information is updated. (3) The
PDMDLs are distributed at an elevation of ∼ 5200 m on average, where permafrost develops widely in the Chinese Himalayas. The interactions and chain reactions of permafrost
thaw in a lake basin due to atmospheric warming will possibly reduce the stability of the moraine dam and the ice/rock
of the lake basin, and are a possible breach mode under
warm climatic preconditions. Multi-temporal optical or SAR
data can be used to derive surface displacements on creeping
and unstable frozen slopes (Kääb, 2008). However, the absence of available data and the limitations of remote-sensing
studies make it difficult to obtain the physical characteristics of permafrost, and the stability of the moraine dam and
the occurrence of ice avalanches, debris slides, and other
permafrost-related activity were not taken into account in our
current work.

7

Conclusions

With recent global warming, GLOFs are increasingly threatening people and property, and are being intensively studied
worldwide. To make first-order estimates of the probability
of MDLOF events and prioritize the rate of PDMDLs in the
Chinese Himalayas, an objective approach is presented here.
In this paper, the region of the Chinese Himalayas was chosen as an area where there have been frequent MDLOFs in recent decades. Using five indexes, 142 potentially dangerous
Nat. Hazards Earth Syst. Sci., 12, 3109–3122, 2012

moraine-dammed lakes were first identified in the study
area. The breach probabilities of the 142 lakes were then
further calculated one-by-one employing decision-making
tree methods and data taken from large-scale topographical maps, DEMs, and ASTER images. The results show that
the breaching probabilities of the 142 PDMDLs range from
0.037 to 0.345, and they can be further rated as 43 lakes
with very high breaching probabilities (i.e. P ≥ 0.24), 47
with high breaching probabilities (0.18 ≤ P < 0.24), 24 with
mid-level breaching probabilities (0.12 ≤ P < 0.18), 24 with
low breaching probabilities (0.06 ≤ P < 0.12), and four with
very low breaching probabilities (P < 0.06). It is recommended that lakes in the “very high” and “high” categories
be considered for further detailed breach risk assessment.
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J. Hydrol., 321, 187–199, 2006.
Cenderelli, A. D. and Wohl, E. E.: Flow hydraulics and geomorphic
effects of glacier-lake outburst floods in the mountain Everest
region Nepal, Earth Surf. Proc. Land., 28, 385–407, 2003.
Che, T., Jin, R., Li, X., and Wu, L.: Glacial Lakes Variation and the
Potentially Dangerous Glacial Lakes in the Pumqu Basin of Tibet
during the Last Two Decades, J. Glaciol. Geocryo., 26, 397–402,
2004 (in Chinese with English abstract).
Chen, C., Liu, M., and Zhang Z.: Outburst conditions of morainedammed lakes and their flood estimation headwaters of the Nianchu River, Tibet. J. Glaciol. Geocryo., 18 , 347–352, 1996 (in
Chinese with English abstract).
Chen, C., Wang, T., Zhang, Z., and Liu, Z.: Glacial lake outburst
floods in upper Nainchu River Basin, Tibet, J. Cold Reg. Eng.,
13, 199–212, 1999.
Chen, X., Cui, P., Li, Y., Yang, Z., and Qi, Y.: Changes in glacial
lakes and glaciers of post-1986 in the Poiqu River basin, Nyalam,
Xizang (Tibet), Geomorphology, 88, 298–311, 2007.
Cheng, Z., Tian, J., Zhang, Z., and Qiang, B.: Debris flow induced
by glacial lake in Southeast Tibet, Earth Sci. Front., 16, 207–214,
2009 (in Chinese with English abstract).
Clague, J. J. and Evans, S. G.: A review of catastrophic drainage
of moraine-dammed lakes in British Columbia, Quaternary Sci.
Rev., 19, 1763–1783, 2000.
Costa, J. E. and Schuster, R. L.: The formation and failure of natural
dams, Geol. Soc. AM. Bull., 100, 1054–1068, 1988.
Cui, P., Ma, D., Chen, N., and Jiang, Z.: The initiation, motion and
mitigation of debris flow caused by glacier lake outburst, Quaternary Sci., 23, 621–628, 2003 (in Chinese with English abstract).
Dai, F. C. and Lee, C. F.: A spatiotemporal probabilistic modelling
of storm-induced shallow landsliding using aerial photographs
and logistic regression, Earth Surf. Proc. Land., 28, 527–545,
2003.
Frey, H., Haeberli, W., Linsbauer, A., Huggel, C., and Paul, F.: A
multi-level strategy for anticipating future glacier lake formation
and associated hazard potentials, Nat. Hazards Earth Syst. Sci.,
10, 339–352, doi:10.5194/nhess-10-339-2010, 2010.
Fujita, K., Suzuki, R., Nuimura, T., and Sakai, A.: Performance
of ASTER and SRTM DEMs, and their potential for assessing
glacial lakes in the Lunana region, Bhutan Himalaya, J. Glaciol.,
54, 220–228, 2008.
Haeberli, W. and Hoelzle, M.: Application of inventory data foe
estimating characteristics of and regional climate-change effects
on mountain glaciers: a pilot study with the European Alps, Ann.
Glaciol., 21, 206–212, 1995.

www.nat-hazards-earth-syst-sci.net/12/3109/2012/

3121

Haeberli, W., Clague, J. J., Huggel, C., and Kääb, A.: Hazards from
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