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Glacial lake outburst floods (GLOFs) are a major concern in the Himalaya and on the Tibetan Plateau (TP),
where several disasters occurring over the past century have caused significant loss of life and damage to
infrastructure. This study responds directly to the needs of local authorities to provide guidance on the
most dangerous glacial lakes across TP where local monitoring and other risk reduction strategies can
subsequently be targeted. Specifically, the study aims to establish a first comprehensive prioritisation
ranking of lake danger for TP, considering both the likelihood and possible magnitude of any outburst
event (hazard), and the exposure of downstream communities. A composite inventory of 1,291 glacial
lakes (>0.1 km2) was derived from recent remote sensing studies, and a fully automated and object
assessment scheme was implemented using customised GIS tools. Based on four core determinates of
GLOF hazard (lake size, watershed area, topographic potential for ice/rock avalanching, and dam steep-
ness), the scheme accurately distinguishes the high to very high hazard level of 19 out of 20 lakes that
have previously generated GLOFs. Notably, 16% of all glacial lakes threaten human settlements, with a
hotspot of GLOF danger identified in the central Himalayan counties of Jilong, Nyalam, and Dingri, where
the potential trans-boundary threat to communities located downstream in Nepal is also recognised. The
results provide an important and object scientific basis for decision-making, and the methodological
approach is ideally suited for replication across other mountainous regions where such first-order studies
are lacking.
� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Glacial lake outburst floods (GLOFs) refer to the sudden dis-
charge of a water reservoir that has formed either underneath, at
the side, in front, within, or on the surface of a glacier, and related
dam structures can be composed of ice, moraine or bedrock. Across
high mountain Asia, and elsewhere in the world, considerable
focus has been on flood hazard associated with the catastrophic
failure of moraine dammed lakes [1–4]. In particular, lakes trapped
behind proglacial moraines can be large, with volumes of up to 100
million m3, and depths exceeding 200 m [5]. Failure of moraine
dammed lakes occurs when the material strength of the dam struc-
ture is exceeded by driving forces, including the weight of the
impounded water mass, shear stresses from seepage, and overtop-
ping or additional momentum from displacement waves [6]. In the
Elsevier B.V. and Science China Pr
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Himalaya, displacement waves from large impacts of ice or rock
have contributed to over 50% of catastrophic moraine dam failures
[2,7]. GLOFs characteristically transform into hyperconcentrated or
debris flows following the entrainment of loose, unconsolidated
para-glacial debris [8], and some of the most devastating and far
reaching (>100 km) impacts have involved subsequent flow trans-
formations or chain reactions, such as damming of valleys, sec-
ondary outbursts and debris flows [9,10]. As such, approaches to
GLOF hazard assessment must consider large spatial scales, not
restricted by administrative or political boundaries.

Because of the large spatial scales potentially involved, and the
fact that GLOFs originate often in high elevation, poorly inaccessi-
ble terrain, various first-order schemes have been proposed for
assessing the susceptibility of glacial lakes, drawing primarily upon
remotely sensed information for studies undertaken in the South-
ern Alps of New Zealand [11], the Andes [12–14], North America
[15], European Alps [16], and high mountain Asia [17–21]. These
studies have typically taken advantage of reflectance properties
of water in the visible and near infrared wavelengths of sensors
ess.
s/by/4.0/).
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such as Landsat to undertake large-scale mapping of glacial lakes.
An attempt is then made to semi-quantitatively characterize (often
requiring higher resolution data or imagery) the cryospheric envi-
ronment, lake and dam area, and other geotechnical and geomor-
phic characteristics of the upstream catchment area that make a
lake susceptible to outburst [22]. While these approaches are often
described as automated, and suitable for large-scale applications, a
high degree of subjectivity and expert judgement is involved. For
example, the choice of susceptibility factors varies between stud-
ies, and some characteristics can only be measured with expert
judgment (e.g. dam composition and ice-content). As a conse-
quence of differences in methodological approaches, results
between different studies can vary considerably, and the same lake
may have several different hazard levels assigned depending on
the approach taken [23]. From a practical or applied perspective
this is a major limitation, because it is impossible or difficult to rea-
sonably compare assessment results from different studies and/or
different regions, and thereby make decisions on resource alloca-
tion for potential hazard or risk reduction measures. Recognising
these challenges, some studies have developed more objective
classification schemes using clear criteria and decision trees
[13,17,20,24]. However, these approaches have not been designed
for the scale of implementation required on the Tibetan Plateau
(TP), where the number of glacial lakes is in the thousands [25]
(by comparison, approaches developed for Nepal have been
applied to 131 lakes [26]), and/or have not considered the exposure
of communities living downstream of the lakes.

GLOFs have proven particularly common on the TP, with reports
indicating at least 40 GLOF disasters (causing loss of life or infras-
tructure) have occurred since 1935, mostly in the central-eastern
section of the Chinese Himalaya [27]. However, despite rapidly
increasing population and infrastructural development on the TP,
risk reduction strategies for GLOFs remain limited. Hence, there
has been recent calls for authorities to take action and implement
measures at all potentially dangerous lakes [28]. But with many
thousands of lakes across TP, recommendations based on a sound
and transparent methodology are needed in order to obtain infor-
mation that can guide authorities about where to focus further
local hazard and risk investigations, and eventually mitigation
efforts. While studies aiming to identify potentially dangerous
lakes have been undertaken along the entire main Himalayan
Range [24,29,30], or at a regional scale in the Poiqu Basin, central
Himalayas [27,31], and the Boshula range in southeastern TP
[19], underlying assessment methodologies are not comparable.
Hence, an objective, large-scale assessment is clearly lacking.

This study aims to fill this important gap, and responds directly
to the needs of local authorities by providing guidance on the most
dangerous lakes, where monitoring and other risk reduction strate-
gies can subsequently be targeted. Specifically, the study aims to
establish a comprehensive inventory and prioritisation ranking of
potentially dangerous lakes across the TP, considering both the
likelihood and possible magnitude of any outburst event, and con-
sequences for downstream communities. Secondarily, the devel-
oped methodological approach should be objective and
replicable, allowing local authorities to periodically update the
assessment, and in view of potential upscaling to other areas of
high mountain Asia where such first-order studies are lacking.
2. Methodology

A composite glacier lake inventory covering the TP was com-
piled from several previous studies [19,25,31], augmented with
mapping from latest Google Earth and Landsat 8 imagery to fill
any gaps in these earlier efforts. The areal extent of the TP is in
accordance with previous work [32]. While definitions vary, we
considered glacial lakes as either being dammed by glacial pro-
cesses or fed directly by glacial melt (within 1 km of a parent gla-
cier), and we included only those lakes with an area >0.1 km2. In
total, 1,291 glacial lakes were included in the final composite
inventory, with a mean and maximum area of 0.42 and 13 km2

respectively.
Potentially dangerous lakes are defined in this study as a func-

tion of the hazard (likelihood and potential magnitude of a flood),
and exposure (potential for people to be affected). Details on how
these specific components were analysed and combined are pro-
vided below. All analyses were conducted using the CGIAR-CSI
void-filled version of the SRTM 90 m Digital Elevation Model
(DEM). This resolution enabled computational efficiency while still
proving sufficient for first-order modelling of topographically dri-
ven processes [33].

2.1. GLOF hazard

While there are numerous characteristics of a lake, its dam, par-
ent glacier, and topographic surroundings that are relevant for the
susceptibility of a glacial lake and subsequent magnitude of any
outburst event [12], few of these factors can be reasonably param-
eterised using automated approaches at large-scales. Our approach
therefore considers four primary determinants of GLOF hazard out-
lined below that can be calculated using readily and freely avail-
able geospatial datasets (Fig. 1).

(1) Lake area, which provides an often used proxy for lake depth
(and volume) and thereby potential flood magnitude [16].
Lake area is directly calculated from the digitised lake
polygons.

(2) Potential for ice and rock avalanches to strike a lake, thereby
capturing the main process responsible for pervious GLOF
triggering in the TP [19]. The assessment procedure is based
on the concept of topographic potential [35] which encom-
passes (a) the potential for rock or ice to detach (parame-
terised by slope angle) and (b) the potential for the
resulting rock and/or ice avalanche to reach a glacial lake
(parameterised by the overall trajectory slope or angle of
reach). This concept has been integrated within a compre-
hensive GLOF risk assessment for the Swiss Alps [36], and
for Northwest India [37]. At this large scale, we do not dis-
tinguish between whether the slope is bedrock, ice-
covered, or debris, and assume an impact into a lake is pos-
sible from any slope >30� [38,39], where the overall slope
trajectory is >14� (tana = 0.25) [35,40]. These conservative
values are based on ice and/or rock avalanches reported
within an extensive global catalogue of events contained in
the cited literature, although mass movements from more
gentle slopes and obtaining larger run-out distances are pos-
sible in exceptional cases. Within each lake watershed, the
tana values for all grid cells fulfilling these two criteria were
summed, to give a quantitative measure of the potential for
avalanches to trigger an outburst from that lake. In this way,
steep slopes located closer to a lake (i.e., from which an ava-
lanche is more likely to reach the lake), automatically con-
tribute more to the overall hazard estimate.

(3) Total watershed area upstream of the lake, recognising the
potential for runoff from heavy rainfall or glacier/snow melt
to drain into and overwhelm a glacial lake [4,41]. A larger
upstream watershed is considered to increase the potential
for runoff.

(4) Downstream slope of the dam, as a crucial control on stabil-
ity of the dam and potential for self-destruction [17,29]. For
this analysis, the downstream dam area was automatically
extracted as the area downslope of the lake, within a



Fig. 1. (Color online) The glacial lake Cirenmaco, in Nyalam county, showing the four components of the GLOF hazard assessment. This lake features a wide, flat outwash area,
followed by a steep frontal section of the moraine dam (4). At least three outbursts (1964, 1981 and 1983) have previously occurred from this lake, triggered by mass
movements of ice and/or rock, and possible thawing of ground ice in the dam area [34].
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horizontal buffer distance of 1 km. Where more than 50% of
the slope pixels in the dam area exceeded the 35� typical
angle of repose [42], the dam was considered to be formed
in bedrock and hence stable. For all other dams, the mean
slope value was used as a quantitative measure of the dam
stability. The 1 km distance in many cases encompasses
more than the lake foreshore and dam area. However, this
is considered beneficial given that steeper slopes down-
stream are relevant also for the erosional capacity of any
outburst event, and hence, important for the hazard
potential.

Quantified values for each determinant were normalised to per-
centile rankings (from 0 to 1), ensuring all components contributed
fairly to the final hazard index, and ensuring results are not influ-
enced by the skewed distribution of some determinants (such as
lake area). We gave equal weighting to all determinants, such that
the final hazard index (H) for each lake was simply calculated as
the average across all normalised scores. The sum of all lake hazard
scores provides an aggregated level of GLOF hazard at the admin-
istration level of a county.

A major challenge in automated approaches to GLOF hazard
assessment is that the basis for validating any methodology is
extremely limited, because GLOFs are typically high magnitude
yet very low frequency events. Taking advantage of the large spa-
tial scale of our study, we were able to compile a comparatively
large inventory of previous GLOF events occurring across the TP
since 1935 [19,43,44], against which we could assess the validity
of our lake hazard classification. In other words, we establish
how well the automated approach to hazard classification has
identified those lakes that have generated outburst events in the
past. We focus on hazard (rather than danger), because informa-
tion on societal losses and damages from these past GLOFs is not
given in all cases, and is not consistently reported. Following care-
ful evaluation of the outburst events and lakes described in these
studies using various archival satellite imagery, a total of 31 GLOFs
were confirmed for which exact geocoordinates for the source lake
are known. However, for some of these cases, the lake has
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completely drained and the previous areal extent of the lake can-
not be reliably estimated, or the dam geometry is considerably
modified post-event and eroded over time. In these situations the
current hazard index cannot be expected to provide a reasonable
proxy for the hazard situation pre-event, and hence, these lakes
were excluded from the analyses. In total, 20 lakes were consid-
ered for the validation exercise (Table 1).
2.2. GLOF exposure

Exposure marks the presence of people, livelihoods, environ-
mental services, infrastructure and other resources that could be
adversely affected by a potential hazard [45]. In this study we char-
acterised exposure by identifying buildings located within the
potential flood path of a glacial lake. Buildings were downloaded
as polygon features from Open Street Map (OSM, www.open-
streetmap.org, accessed 2018), and a check of completeness was
undertaken at various random locations across the TP using ima-
gery available in Google Earth.

The downstream flood path for each lake was simulated using
the modified single-flow model (MSF)—a simple GIS-based hydro-
logical flow routing algorithm that calculates the flow direction
from one DEM pixel to another according to the steepest down-
ward gradient between each pixel and its eight neighbours [46],
modified to allow flow spreading of up to 45� from the main flow
direction [47]. The maximum downstream travel distance for each
GLOF path was determined using an empirically derived worst-
case scenario defined by the angle of reach from the source lake,
with tana values as low as 0.05 (3� angle of reach) considered
appropriate for highly mobile sediment-laden events [16]. Beyond
these worst-case run-out distances, severe damages are not
expected.

Each building polygon was represented by a single point,
aligned to the same 90 m raster grid used for the flood path mod-
elling (Fig. 2). In this way, the built environment (i.e., characteris-
ing the likely presence of people) located within each flood path
was coarsely generalised. Recognising that communities and
infrastructure located closer to the lake source are more likely to
be affected than areas further downstream, the overall angle of
Table 1
Twenty lakes that have previously generated outburst floods on the TP [19,43,44].a)

ID Lake name GLOF date Lat
(�N

1214 Taraco August 28, 1935 28
1247 Lure Co 1950 s 28
1207 Swangwang Co July 16, 1954 28
810 Cirenma Co 1964

July 11, 1981
1983

28

455 Gelhaipu Co September 21, 1964 27
1267 Aya Co August 15, 1968 28
3884 Poge Co July 23, 1972 31
3907 Boge Lake July 6, 1975 31
1271 Zhari Co June 24, 1981 28
422 Yindapu Co August 27, 1982 27
1036 Jin Co August 27, 1982 28
6723 Guangxie Co July 15, 1988 29
1371 Unknown 1995–1996 28
1105 Longjiu Co August 6, 2000 28
3597 Unknown 2002–2003 30
1065 Jialong Co May 23, 2002 28
1296 Dega Co September 18, 2002 28
1242 Unknown 2007–2008 28
3630 Cuoga Lake July 29, 2009 30
6750 Ranzeria Co July 5, 2013 30

a) The ID is unique to this study and is cited in the text. Hazard index values and clas
reach (H/L) for each exposed grid cell was used as the quantified
measure of exposure. All exposed grid cell values were then
summed within each GLOF path, and the overall exposure value
assigned to that lake.

This approach represents a significant advance in the usefulness
of the MSF model for large-scale studies, as the model was previ-
ously only able to produce a single raster output of all combined
flood paths, and hence, was of little use in establishing exposure
and risk associated for any individual lake. This advanced version
of the MSF now is computationally more complex, looping to
model the GLOF path and establish the exposure level for each lake
systematically in turn. The entire procedure is run as an ArcGIS
tool, and for the 1,291 lakes required around 12 h to complete on
a standard personal computer, at 90 m spatial resolution. Localised
testing with higher resolution 30 m DEMs (SRTM and ASTER
GDEM) resulted in an exponential increase in processing time, with
little influence on the resulting exposure estimate.
2.3. GLOF danger

The final exposure values were normalised to the common
range of 0–1 (again using percentile rankings), and then multiplied
with the normalised hazard scores (for the subset of lakes having
an exposure value >0) to give a final danger level for each lake.
For lakes that threaten no buildings (exposure = 0) no danger level
is given. The sum of all lake danger levels provides an aggregated
level of GLOF danger at the administration level of a county.
3. Results

For display purposes, all results from the lake hazard and dan-
ger assessment are categorised into 5 levels using the natural Jenks
classification method of ArcGIS that identifies natural groupings
inherent in the data. Class breaks are identified that best group
similar values and that maximize the differences between classes.
This is illustrative only to inform the prioritization of GLOF hazard
and danger across the TP, and specific classes cannot be directly
compared with categories used in other studies or regions.
itude
)

Longitude
(�E)

Hazard (0–1) Class

.29 86.13 0.68 High

.27 90.59 0.82 Very high

.24 90.1 0.76 Very high

.07 86.06 0.79 Very high

.96 87.81 0.84 Very high

.35 86.49 0.64 High

.73 94.73 0.77 Very high

.86 94.76 0.71 Very high

.3 90.61 0.61 High

.95 87.91 0.81 Very high

.2 87.64 0.73 Very high

.46 96.5 0.71 Very high

.66 85.48 0.65 High

.21 89.74 0.80 Very high

.69 94.32 0.78 Very high

.21 85.85 0.84 Very high

.33 90.67 0.66 High

.28 90.23 0.54 Medium

.83 94 0.82 Very high

.47 93.53 0.76 Very high

sification established in the current study are given.

http://www.openstreetmap.org
http://www.openstreetmap.org


Fig. 2. (Color online) Example of GLOF exposure, focussing on a GLOF path (blue outline) affecting the village of Nyalam (Nyalam county, 28.16�N, 85.98�E, central Himalaya).
Building polygons from OSM are converted to centroid points at 90 m grid spacing (a), and intersected with the modelled flood path raster giving the overall angle of reach for
that exposed cell back to the source lake (b).
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3.1. GLOF hazard and assessment validation

Glacial lakes are distributed widely across the TP, but are clus-
tered more densely along the main Himalayan range. It is also in
this region, along the main Himalayan range, and in southeast
TP, where the greatest concentration of lakes with high to very
high hazard levels are located (Fig. 3a). Further north, glacial lakes
are more sparsely distributed, and are typically having very low to
low levels of assessed hazard. The main determinants driving the
higher hazard potential is the greater likelihood for ice and rock
avalanches to enter a lake and steeper dam geometries. Consider-
ing the 187 lakes located in the two counties with the highest
aggregated hazard levels along the Himalayan range (Chayu and
Dingri counties) standardised values for topographic potential
(mean = 0.60) and dam steepness (mean = 0.73), are significantly
higher than respective mean values of 0.48 and 0.49 recorded for
all lakes across the TP. Conversely, there is no significant difference
in mean values for lake area or watershed area.

Hazard index values for the 20 lakes that have previously gen-
erated outburst floods (Table 1) are compared against the general
distribution of values for all 1,291 lakes (Fig. 4). From these 20
lakes, 19 are classed as having high (5 lakes) to very high (14 lakes)
hazard levels under the current assessment scheme with one lake
falling towards the upper limit of the moderate range. The median
hazard index value for lakes across the TP is 0.48, and hence, all
lakes from which GLOFs have occurred have hazard index values
that are above the median value. As a first-order automated tool
for prioritizing further efforts towards potentially problematic
lakes, these results lead to a high overall level of confidence.

3.2. GLOF danger and the transboundary threat

Once human exposure it taken into account, the extent of the
GLOF danger across the TP becomes far more constrained, and in
fact, only 210 lakes (16% of all lakes) potentially threaten human
settlements (Fig. 3b). It must be highlighted that this does not
imply that other lakes can simply be ignored, as infrastructure,
assets, and livelihoods may still be threatened, but, in terms of pri-
oritising further attention towards areas where humans are most
likely to be impacted by an outburst event, these results prove
enlightening. What emerges are three counties along the central
Himalayan range (Nyalam, Dingri, and Jilong), with distinctively
higher levels of potential GLOF danger. Notably, these three coun-
ties all share international boarders, such that GLOFs originating in
this region of Tibet also threaten infrastructure located down-
stream in Nepal. It is the trans-boundary nature of the GLOF threat
in this central Himalayan region that leads to high levels of expo-
sure and overall danger levels, as villages located both in Tibet and
Nepal are located in harm’s way (Fig. 5). This is particularly evident
in Nyalam, where the Sun-Koshi (Friendship) highway has histori-
cally linked China with Nepal, and as a consequence, considerable
built infrastructure and large communities are located along this
important transportation corridor, particularly on the Nepalese
side of the boarder, leading to very high levels of danger associated
with GLOFs originating in this county. In fact, 7 out of the 10 lakes
with the highest levels of potential danger across the TP are located
in Nyalam, and more specifically, within the upper reaches of the
transboundary Poiqu/Sun Koshi River Basin (Table 2).

Cirenmaco (Lake 810) located above the Sun-Koshi highway in
Nyalam emerges as the most dangerous lake (Table 2, Fig. 5). This
result further enhances confidence in the assessment methodol-
ogy, given that this lake has been the source already of 3 major
GLOF events (Table 1), including the devastating event of July
1981 in which 200 people were killed [34]. Both Cirenmaco, and
Galongco (Lake 1257 – rank 2) represent potentially high probabil-
ity – high impact outburst events, characterised by both high haz-
ard and exposure levels. From Galongco (Fig. 6a) the overall angle
of reach from the lake down to the major village of Nyalam is close
to the minimum tana value of 0.05, suggesting an outburst event at
this point may not be significantly laden with debris (requiring a
steeper flow path to sustain entrainment), although given the large
size of the lake, a devastating flood or hypercontracted flow is
likely. The river gorge downstream of Nyalam then steepens signif-
icantly, such that entrainment and mobilisation of debris along this
reach would likely produce an even greater threat to downstream
villages in Nepal (overall tana values increase to 0.07 beyond the
boarder). Some other lakes included in the listing (Table 2) repre-
sent low probability – very high impact scenarios, where hazard
levels are low but exposure values high. Lake 3595 (rank 17) is a
clear example, where a possible chain-reaction type event



Fig. 3. (Color online) GLOF hazard (a) and danger (b) across the TP, with results aggregated to the county level. Counties of Jilong (J), Nyalam (N), Dingri (D), and Kangding (K)
are indicated. The Boshula mountain region (white square) is affected by artefacts in the topographic data.
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initiating from the bedrock dammed lake above could threaten the
heavily populated town of Garze below where 17,000 inhabitants
reside (Fig. 6b).

Regrettably, although several different DEMs were examined,
including latest high resolution products, all suffered from signifi-
cant data gaps in some localised areas within the Boshula moun-
tains, southeast Tibet (see white square in Fig. 3), likely due to
the steepness of the topography, and effects of snow and cloud
cover in this monsoon-dominated sector of the TP. Caution is
therefore needed in interpreting results over this region, particu-
larly in terms of GLOF danger (Fig. 3b), as some modelled GLOF
paths did not correctly propagate downstream due to spurious
topographic artefacts.

3.3. Transient influences

Thirteen of the 30 most dangerous lakes have potential to con-
tinue expanding in lake area, and hence, volume (Table 2). For



Fig. 4. (Color online) GLOF hazard index values for all 1,291 lakes across the TP, compared to values from lakes that have produced recent outburst events (Table 1).

Fig. 5. (Color online) Transboundary GLOF threats originating from dangerous lakes (from Table 2) in the Central Himalayan region of Tibet, showing modelled GLOF paths
and exposed buildings located in both Tibet and Nepal.
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these lakes, a clear expansion has been observed over the past dec-
ade, both by existing studies [25,31] and/or from multi-temporal
imagery in Google Earth, and the tongues of the glaciers are
sufficiently flat that further calving and expansion of at least
500 m can be anticipated (in some cases in the order of kilome-
tres). This has implications not only for the magnitude of any



Table 2
Ranking of 30 most dangerous lakes across TP, based on assessed danger score (function of hazard and exposure).a)

Rank ID County Latitude
(�N)

Longitude
(�E)

Elevation
(m a.s.l)

Lake area
(km2)

Hazard (H)
(0–1)

Exposure (E)
(0–1)

Danger
(H�E)

Permafrost

1 810 Nyalam 28.067 86.066 4660 0.37 0.96 0.99^ 0.95 Evident
2 1257 Nyalam 28.321 85.839 5090 5.06+ 0.98 0.96^ 0.94 Not evident
3 1065 Nyalam 28.211 85.848 4370 0.60 0.97 0.90^ 0.87 Not evident
4 1288 Nyalam 28.360 85.871 5230 4.74 0.92 0.87^ 0.80 Not evident
5 403 Dingri 27.945 86.445 5060 1.44+ 0.92 0.86^ 0.79 Not evident
6 1225 Nyalam 28.305 86.157 5320 0.67 0.89 0.89^ 0.79 Not evident
7 940 Dingri 28.135 86.530 5000 0.96+ 0.97 0.79^ 0.77 Not evident
8 3582 Kangding 29.968 102.007 4140 0.11+ 0.78 0.98 0.76 Not evident
9 1259 Nyalam 28.336 86.192 5440 0.61 0.87 0.84^ 0.73 Evident
10 1214 Nyalam 28.294 86.131 5250 0.28 0.82 0.88^ 0.72 Not evident
11 1331 Jilong 28.508 85.494 4740 0.22+ 0.95 0.76^ 0.72 Not evident
12 1023 Dingri 28.186 86.531 5040 0.69+ 0.90 0.80^ 0.71 Evident
13 1323 Jilong 28.468 85.519 4460 0.45+ 0.96 0.73^ 0.70 Not evident
14 1241 Nyalam 28.314 85.948 5250 0.34 0.77 0.90^ 0.70 Not evident
15 1034 Nyalam 28.194 86.314 5260 0.29 0.76 0.91^ 0.69 Evident
16 341 Dingri 27.929 86.434 5040 0.34 0.80 0.86^ 0.68 Not evident
17 3595 Kangding 30.008 102.009 4210 0.10 0.68 1.00 0.68 Not evident
18 1108 Nyalam 28.240 86.366 5330 0.29+ 0.81 0.82^ 0.66 Evident
19 1273 Nyalam 28.348 86.225 5360 0.53+ 0.86 0.76^ 0.66 Not evident
20 1245 Nyalam 28.321 86.159 5560 0.25 0.71 0.92^ 0.65 Not evident
21 710 Dingri 28.034 86.499 5070 0.49+ 0.76 0.84^ 0.64 Not evident
22 1218 Nyalam 28.298 85.820 5090 0.30 0.66 0.96^ 0.63 Evident
23 1348 Jilong 28.566 85.464 4440 0.18 0.87 0.70^ 0.61 Not evident
24 334 Dingri 27.928 86.420 5010 0.11+ 0.68 0.85^ 0.58 Not evident
25 116 Yadong 27.809 89.231 5150 0.57 0.99 0.58 0.57 Evident
26 759 Dingri 28.045 86.514 5250 0.59 0.67 0.85^ 0.56 Not evident
27 1349 Jilong 28.568 85.457 4500 0.25+ 0.79 0.72^ 0.56 Not evident
28 1329 Jilong 28.483 85.302 4420 0.10 0.76 0.72^ 0.55 Not evident
29 1345 Jilong 28.559 85.333 4980 0.20 0.79 0.68^ 0.54 Not evident
30 1317 Nyalam 28.427 85.563 4870 0.21+ 0.72 0.74^ 0.54 Evident

a) Permafrost indicates that there is evidence of ground ice in and around the moraine dam, based on visual analyses of geomorphological features using Google Earth.
+ Lake is actively calving, and further expansion of the lake is possible.
^ Transboundary exposure: includes buildings/communities located downstream in Nepal.
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potential outburst event, but also can increase the likelihood of a
GLOF as the lake expands towards steeper topography of the gla-
ciated valley headwall, increasing the potential for ice and/or rock
avalanches to enter a lake [36]. This process is illustrated here for
lakes 710 and 759 (ranked 21 and 26 respectively – Table 2,
Fig. 6c). Lake 710 has expanded 400 m upglacier between 2009
and 2017, and continued expansion is likely (supraglacial ponds
are already evident). Lake 759 on the other hand cannot further
expand, as the lake has already reached an abrupt steepening in
topography. However, as a consequence of the expansion of Lake
710 and associated retreat and lowering of the glacier surface,
the lateral moraine wall that dams Lake 759 could obtain a less
stable geometry (steeper and higher dam), and the buttressing
effect provided by the glacier would be removed. This could lead
to a catastrophic outburst scenario involving a chain reaction and
drainage of both lakes. The presence of permafrost is an additional
transient factor that could influence the stability of a lake dam, due
to degradation and thawing of ice in the moraine. Based on geo-
morphological features at the surface (hummocky surface, lobe-
like creeping formations, slumping etc.), permafrost and the pres-
ence of ground ice in the dam structure is considered potentially
relevant for 8 of the 30 most dangerous lakes (e.g. lake 1218,
Fig. 6a).

4. Discussion

The clear recognition of a hot-spot of GLOF danger within the
central Himalayan region of China, is a robust finding that agrees
well with previous regional-scale assessment studies [30,48]. In
particular, Nyalam country, and Poiqu basin therein, has been the
focus of several studies that focus on monitoring of lake expansion
and the related GLOF threat [27,31,49]. These studies have all high-
lighted the danger of Cirenmaco (Lake 810), Galongco (Lake 1257),
Jialongco (Lake 1065) and Gangxico (Lake 1288), the same lakes
that emerge out of the current assessment as the four most danger-
ous lakes, considering potential impacts not only in Nyalam
county, but also further downstream in Nepal. While the trans-
boundary threat associated with GLOFs originating in the Poiqu
Basin has been well described [50–52], our large-scale assessment,
considering maximum distance worst-case runout modelling of
GLOF paths, highlights that transboundary threats originate also
from dangerous lakes located in neighbouring counties of Jilong
and Dingri (Fig. 5). The fact that GLOFs originating in the central
Himalayan region can impact communities in both Tibet and Nepal
largely explains the higher danger levels associated with lakes in
the region, compared to areas further north and east. In the
Boshula mountains, southeast TP, artefacts in the topographic data
affected the modelling of GLOF paths in some localised areas,
meaning GLOF danger may have been underestimated in this
region where at least 3 historical outburst events have been
recorded [19], and several lakes with very high hazard levels are
located (Fig. 3b).

The remarkably robust performance of the methodological
approach in successfully characterising the high to very high haz-
ard level associated with known dangerous lakes suggests the four
core factors (lake size, watershed area, topographic potential for
ice/rock avalanches, dam steepness) capture well the main predis-
posing and triggering processes of GLOFs across the TP (Fig. 4). One
key area of improvement in the assessment could be the integra-
tion of information on ground temperature and permafrost distri-
bution, given that degradation of ice in the moraine dam
structure is considered to have played a role in some past GLOFs
occurring in the region [19]. In the current study, the presence of
ground ice is inferred based on surface geomorphology only for



Fig. 6. (Color online) Google Earth view of identified potentially dangerous lakes (a)
above the town of Nyalam in central Himalaya (Nyalam county). The lobe-like
creeping debris landform (dashed) damming Lake 1218 is indicative of permafrost
and the presence of ground ice in the moraine dam structure. (b) Above the heavily
populated town of Garze in Southeast TP (Kangding county). The hazard (likelihood
and magnitude) of an outburst event from the moraine dammed lower lake (Lake
3595) is relatively low (Table 2), but an outburst could be triggered by a mass
movement into and overtopping wave from the bedrock dammed lake above
(arrows). (c) In the central Himalaya (Dingri county), where further retreat of the
glacier and expansion of Lake 710 (dashed) will increase the likelihood of ice and/or
rock avalanches to enter the lake from the surrounding steep slopes (arrows), and
will undermine the lateral moraine that dams Lake 759 (double-headed arrow).
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the final listing of most dangerous lakes, and not in an automated
manner for all 1291 lakes. GLOF studies that have considered per-
mafrost as part of the assessment criteria typically use simple
empirically-derived models to estimate likely permafrost distribu-
tion [20,53], and while providing a useful regional overview, such
approaches cannot account for important site-specific characteris-
tics (e.g., surface structure, snow cover, micro-topography) that
influence ground temperature. Similarly, latest permafrost maps
available for Tibet [54] remain too coarse for GLOF hazard assess-
ment, and promising high resolution modelling approaches that
could provide site-specific relevant information [55] are yet to be
upscaled across high mountain Asia.

Previous studies have demonstrated that the addition of further
parameters into a GLOF hazard assessment scheme does not neces-
sarily improve the reliability of the results, and in fact, can intro-
duce redundancies and biases into the assessment [12]. Also, in
large-scale applications, not all parameters assessed may be
equally relevant across vastly different geomorphological and cli-
matic zones, and typically empirical evidence and region-specific
process-understanding is too incomplete to support the use of
weightings to emphasize some key parameters over others [22].
In relation to the current study, it may be reasonable to assign a
relative weighting to the hazard and exposure components of the
danger assessment, depending on how end-users want to apply
the results. For example, if an emphasis is to be given to those lakes
that are considered to have the greatest likelihood of producing an
outburst, a higher weighting could be given to the hazard compo-
nent, or the exposure and final danger assessment could be applied
only to a subset of lakes that have a hazard value above a certain
threshold (e.g., 75th percentile). Such decisions should ultimately
be linked to the motivation and agenda of local authorities and
other stakeholders, to ensure the information provided best meets
their needs and expectations. Related to this, if authorities want to
better focus on those communities with least capacity to prepare,
respond, and recover from a GLOF disaster, then information on
local social, economic, and institutional drivers of societal vulnera-
bility could be included within a comprehensive risk assessment
[56].

It is important to reiterate that high danger levels assigned in
this study do not necessarily suggest an imminent danger to the
population, particularly for those cases where hazard levels are rel-
atively low (e.g., Lake 3595 – Fig. 6b). In such cases, further studies
to substantiate the actual risk associated with these lakes could be
justified, considering also the broader geotechnical situation and
possibility for seismic triggered ice and/or rock avalanches that
could trigger an otherwise unlikely outburst event and/or cascad-
ing process chain. For those lakes characterised by both high levels
of hazard and exposure, local field studies (supported with very
high resolution remote sensing) would be essential to quantify
the threat. For example, where permafrost is expected to play a
role in the stability of the dam (Table 2), in-situ geophysical mea-
surements could confirm the presence and likely thermal condi-
tions of any ice within the moraine structure [57], and multi-
temporal DEM differencing could detect deformation linked to
thawing of this ice over time [58,59]. Lake bathymetries are crucial
as input for the dynamical simulation of outburst scenarios, estab-
lishing downstream flow heights, inundations depths, velocities
and other parameters needed for local hazard and risk mapping
[60]. Such local investigations can most appropriately inform the
design of risk reduction strategies that span a full range of possible
hard (e.g., lake lowering, dam stabilisation) and soft (e.g., monitor-
ing and early warning systems, community response strategies
etc.) options that reduce the likelihood, potential magnitude, and
societal impact of any GLOF event.

Several recent studies have emphasised the importance of
forward-looking, anticipatory approaches to GLOF hazard and risk
assessment, recognising that atmospheric warming is leading to
rapidly evolving glacial and periglacial landscapes [37,61,62]. In
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the current study, we have rather focussed on establishing current
baseline conditions of GLOF hazard and danger to society across TP,
while recognising that many of the most dangerous lakes are con-
tinuing to expand in area, and/or in other cases, could be influ-
enced by further warming and thawing of ice in the dam area
(Table 2). Some lakes that have recently emerged over the past
decade may have been under the 0.1 km2 area threshold consid-
ered in this study, and new lakes will almost certainly develop in
the future [63], necessitating that the large-scale assessment as
presented here be updated at regular intervals using latest lake
inventories. In addition to climate driven changes, urbanisation
and economic development programmes across TP are leading to
new infrastructural developments [64], changing the distribution
of exposed people and their assets. The use of OSM in large-scale
hazard and eventually risk assessment is a promising avenue in
this regard, as crowdsourced datasets can better keep pace with
changes on the ground, in comparison with official cadastres that
may be updated only once every few years to decade.
5. Conclusion

This study has provided a first objective assessment of GLOF
hazard and danger to communities across the TP using a fully auto-
mated procedure, providing a robust basis for the prioritisation of
further studies, monitoring efforts, and local field investigations
that will ultimately guide on-ground risk management and climate
adaptation strategies. Using four core determinates of GLOF hazard
(lake size, watershed area, topographic potential for ice/rock
avalanching, and dam steepness), the assessment scheme accu-
rately distinguishes the high to very high hazard level of 19 out
of 20 lakes that have previously generated GLOFs, located primarily
along the main Himalayan range and in south-east TP. Only around
16% of all glacial lakes threaten human settlements, and a notable
hotspot of GLOF danger is identified in the central Himalayan
counties of Jilong, Nyalam, and Dingri. Here glacial lakes are a sig-
nificant trans-boundary threat to communities located in both
Tibet and also downstream in Nepal. The most dangerous lake of
Cirenmaco has caused repeated devastating outburst events over
the past century.

Overall, the significant advantage of the methodology presented
here is the ease and speed with which objective assessments can
be undertaken and updated by local authorities using latest data-
sets, with the entire automated workflow packaged within a
user-friendly ArcGIS toolbox. This is particularly important in view
of rapid environmental and societal changes that will alter GLOF
danger and risk. With a focus on prioritising efforts towards those
lakes that most directly threaten human lives, this study has con-
sidered only the presence of buildings as a proxy for the possible
exposure of communities to the modelled GLOF events. However,
the workflow could be expanded in the future to include impacts
to major roads, industry (hydropower), and livelihoods (e.g., agri-
cultural land), depending on the needs and priorities of local stake-
holders. Furthermore, the methodology is well suited for
replicating across other regions of high-mountain Asia and else-
where where objective, large-scale GLOF assessment studies are
currently lacking. This would be important, for instance in coun-
tries such as India, Pakistan, and Afghanistan, to ensure that
nationally and internationally funded GLOF risk reduction strate-
gies are most appropriately targeting those areas where the threat
is greatest.
Conflict of interest

The authors declare that they have no conflict of interest.
Acknowledgments

This work was supported by the Swiss National Science Founda-
tion (IZLCZ2_169979/1) and counterpart grant of the National Nat-
ural Science Foundation of China (21661132003). The work further
benefited from support of the Strategic Priority Research Program
(A) of the Chinese Academy of Sciences (XDA20060201) and col-
laboration within the Dragon 4 project funded by the European
Space Agency (4000121469/17/I-NB).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.scib.2019.03.011.

Author contributions

Allen designed the study and led all development and implemen-
tation of the methodology, and led the drafting of the manuscript.
Zhang and Wang developed and updated glacial lake inventories
that were used in the study. Dr. Bolch and Prof. Yao contributed
to the methodological development and overall framing of the
study. All authors contributed to the interpretation and discussion
of results.

References

[1] Vuichard D, Zimmermann M. The 1985 catastrophic drainage of a moraine-
dammed lake, Khumbu Himal, Nepal: causes and consequences. Mt Res Dev
1987;7:91–110.

[2] Richardson SD, Reynolds JM. An overview of glacial hazards in the Himalayas.
Quat Int 2000;65:31–47.

[3] Liu J, Tang C, Cheng Z. The two main mechanisms of Glacier Lake Outburst
Flood in Tibet, China. J Mt Sci 2013;10:239–48.

[4] Allen SK, Rastner P, Arora M, et al. Lake outburst and debris flow disaster at
Kedarnath, June 2013: hydrometeorological triggering and topographic
predisposition. Landslides 2016;6:1479–91.

[5] Cook SJ, Quincey DJ. Estimating the volume of Alpine glacial lakes. Earth Surf
Dyn 2015;3:559–75.

[6] Korup O, Tweed F. Ice, moraine, and landslide dams in mountainous terrain.
Quart Sci Rev 2007;26:3406–22.

[7] Emmer A, Cochachin A. The causes and mechanisms of moraine-dammed lake
failures in the Cordillera Blanca, North American Cordillera, and Himalayas.
AUC Geogr 2013;48:5–15.

[8] Worni R, Huggel C, Clague JJ, et al. Coupling glacial lake impact, dam breach,
and flood processes: a modeling perspective. Geomorphology 2014;224:
161–76.

[9] Lliboutry L, Morales AB, Pautre A, et al. Glaciological problems set by the
control of dangerous lakes in Cordillera Blanca, Peru. I. Historic failure of
morainic dams, their causes and prevention. J Glaciol 1977;18:239–54.

[10] Huggel C, Zgraggen-Oswald S, Haeberli W, et al. The 2002 rock/ice avalanche at
Kolka/Karmadon, Russian Caucasus: assessment of extraordinary avalanche
formation and mobility and application of QuickBird satellite imagery. Nat
Hazards Earth Syst Sci 2005;5:173–87.

[11] Allen SK, Schneider D, Owens IF. First approaches towards modelling glacial
hazards in the Mount Cook region of New Zealand’s Southern Alps. Nat
Hazards Earth Syst Sci 2009;9:481–99.

[12] Kougkoulos I, Cook SJ, Jomelli V, et al. Use of multi-criteria decision analysis to
identify potentially dangerous glacial lakes. Sci Total Environ 2018;621:
1453–66.

[13] Emmer A, Vilímek V. New method for assessing the susceptibility of glacial
lakes to outburst floods in the Cordillera Blanca. Peru. Hydrol Earth Syst Sci
2014;18:3461–79.

[14] Iribarren Anacona P, Norton KP, Mackintosh A. Moraine-dammed lake failures
in Patagonia and assessment of outburst susceptibility in the Baker Basin. Nat
Hazards Earth Syst Sci 2014;14:3243–59.

[15] McKillop RJ, Clague JJ. A procedure for making objective preliminary
assessments of outburst flood hazard from moraine-dammed lakes in
southwestern British Colombia. Nat Hazards 2007;41:131–57.

[16] Huggel C, Haeberli W, Kääb A, et al. An assessment procedure for glacial
hazards in the Swiss Alps. Can Geotech J 2004;41:1068–83.

[17] Rounce DR, Mckinney DC, Lala JM, et al. A new remote hazard and risk
assessment framework for glacial lakes in the Nepal Himalaya. Hydrol Earth
Syst Sci 2016;20:3455–75.

[18] Worni R, Huggel C, Stoffel M. Glacier lakes in the Indian Himalayas – from an
area-wide glacial lake inventory to on-site and modeling based risk
assessment of critical glacial lakes. Sci Total Environ 2013;468–469:s71–84.

https://doi.org/10.1016/j.scib.2019.03.011
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0005
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0005
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0005
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0010
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0010
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0015
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0015
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0020
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0020
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0020
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0025
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0025
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0030
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0030
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0035
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0035
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0035
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0040
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0040
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0040
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0045
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0045
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0045
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0050
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0050
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0050
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0050
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0055
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0055
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0055
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0060
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0060
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0060
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0065
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0065
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0065
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0070
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0070
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0070
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0075
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0075
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0075
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0080
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0080
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0085
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0085
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0085
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0090
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0090
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0090


S.K. Allen et al. / Science Bulletin 64 (2019) 435–445 445
[19] Wang W, Yao T, Gao Y, et al. A first-order method to identify potentially
dangerous glacial lakes in a region of the southeastern Tibetan Plateau. Mt Res
Dev 2011;31:122–30.

[20] Bolch T, Peters J, Yegorov A, et al. Identification of potentially dangerous glacial
lakes in the northern Tien Shan. Nat Hazards 2011;59:1691–714.

[21] Aggarwal S, Rai SC, Thakur PK, et al. Inventory and recently increasing GLOF
susceptibility of glacial lakes in Sikkim, Eastern Himalaya. Geomorphology
2017;295:39–54.

[22] GAPHAZ. Assessment of Glacier and Permafrost Hazards in Mountain Regions:
technical Guidance Document. Standing Group on Glacier and Permafrost
Hazards in Mountains (GAPHAZ) of the International Association of
Cryospheric Sciences (IACS) and the International Permafrost Association
(IPA). Zurich, Switzerland/Lima, Peru; 2017.

[23] Emmer A, Vilímek V. Lake and breach hazard assessment for moraine-dammed
lakes: an example from the Cordillera Blanca (Peru). Nat Hazards Earth Syst Sci
2013;13:1551–65.

[24] Wang X, Liu S, Ding Y, et al. An approach for estimating the breach
probabilities of moraine-dammed lakes in the Chinese Himalayas using
remote-sensing data. Nat Hazards Earth Syst Sci 2012;12:3109–22.

[25] Zhang G, Yao T, Xie H, et al. An inventory of glacial lakes in the Third Pole
region and their changes in response to global warming. Glob Planet Change
2015;131:148–57.

[26] Rounce D, Watson C, McKinney D. Identification of hazard and risk for glacial
lakes in the Nepal Himalaya using satellite imagery from 2000–2015. Remote
Sens 2017;9:654.

[27] Wang S, Zhang T. Glacial lakes change and current status in the central Chinese
Himalayas from 1990 to 2010. J Appl Remote Sens 2013;7:73459.

[28] Wang S, Zhou L. Glacial lake outburst flood disasters and integrated risk
management in China. Int J Disaster Risk Sci 2017;8:493–7.

[29] Fujita K, Sakai A, Takenaka S, et al. Potential flood volume of Himalayan glacial
lakes. Nat Hazards Earth Syst Sci 2013;13:1827–39.

[30] Wang S, Qin DH. Moraine-dammed lake distribution and outburst flood risk in
the Chinese Himalaya. J Glaciol 2015;61:115–26.

[31] Wang W, Xiang Y, Gao Y, et al. Rapid expansion of glacial lakes caused by
climate and glacier retreat in the Central Himalayas. Hydrol Process
2015;29:859–74.

[32] Zhang YL, Zheng D. A discussion on the boundary and area of the Tibetan
Plateau in China. Geogr Res-Earth Surf Process 2002;21:1–8.

[33] Huggel C, Schneider D, Julio P, et al. Evaluation of ASTER and SRTM DEM data
for lahar modeling: a case study on Popocatépetl volcano. J Volcanol Geoth Res
2008;17:99–119.

[34] Wang W, Gao Y, Iribarren Anacona P, et al. Integrated hazard assessment of
Cirenmaco glacial lake in Zhangzangbo valley, Central Himalayas.
Geomorphology 2018;306:292–305.

[35] Romstad B, Harbitz C, Domaas U. A GIS method for assessment of rock slide
tsunami hazard in all Norwegion lakes and reservoirs. Nat Hazards Earth Syst
Sci 2009;9:353–64.

[36] Outburst Schaub Y. Floods from High-Mountain Lakes: Risk Analysis of
Cascading Processes under Present and Future Conditions (PhD
thesis). Switzerland: Department of Geography, University of Zurich,
Switzerland; 2015.

[37] Allen SK, Linsbauer A, Randhawa SS, et al. Glacial lake outburst flood risk in
Himachal Pradesh, India: an integrative and anticipatory approach considering
current and future threats. Nat Hazards 2016;84:1741–63.

[38] Allen SK, Cox SC, Owens IF. Rock avalanches and other landslides in the central
Southern Alps of New Zealand: a regional study considering possible climate
change impacts. Landslides 2011;8:33–48.

[39] Fischer L, Purves RS, Huggel C, et al. On the influence of topographic, geological
and cryospheric factors on rock avalanches and rockfalls in high-mountain
areas. Nat Hazards Earth Syst Sci 2012;12:241–54.

[40] Noetzli J, Hoelzle M, Haeberli W. Mountain permafrost and recent Alpine rock-
fall events: a GIS-based approach to determine critical factors. In: Phillips M,
Springman SM, Arenson LU, editors. PERMAFROST, Proc. Eighth Int. Conf.
Permafr., vol. 2. Zurich, Switzerland: Swets & Zeitlinger; 2003. p. 827–32.

[41] Worni R, Stoffel M, Huggel C, et al. Analysis and dynamic modeling of a
moraine failure and glacier lake outburst flood at Ventisquero Negro,
Patagonian Andes (Argentina). J Hydrol 2012;444–445:134–45.

[42] Carson MA. Angles of repose, angles of shearing resistance and angles of talus
slopes. Earth Surf Process 1977;2:363–80.

[43] Liu SY, Sun DH, Xu JL. Glaciers in China and their variations. In: Kargel J,
Leonard G, Bishop M, editors. Glob. L. Ice Meas. from Sp.. Berlin,
Heidelberg: Springer Berlin Heidelberg; 2014. p. 583–608.

[44] Veh G, Korup O, Roessner S, et al. Detecting Himalayan glacial lake outburst
floods from Landsat time series. Remote Sens Environ 2018;207:84–97.
[45] IPCC. Summary for Policymakers. Working Group II contribution to the IPCC
fifth assessment report climate change 2014: impacts, adaptation and
vulnerability. Cambridge, UK: Cambridge University Press; 2014.

[46] O’Callaghan JF. The extraction of drainage networks from digital elevation
data. Comput Vision, Graph Image Process 1984;28:323–44.

[47] Huggel C, Kääb A, Haeberli W, et al. Regional-scale GIS-models for assessments
of hazards from glacier lake outbursts: evaluation and application in the Swiss
Alps. Nat Hazards Earth Syst Sci 2003;3:647–62.

[48] Ives JD, Shrestha RB, Mool PK. Formation of glacial lakes in the Hindu Kush-
Himalayas and GLOF risk assessment. Kathmandu: ICIMOD; 2010.

[49] Chen X, Cui P, Li Y, et al. Changes in glacial lakes and glaciers of post-1986 in
the Poiqu River basin, Nyalam, Xizang (Tibet). Geomorphology 2007;88:
298–311.

[50] Khanal NR, Mool PK, Shrestha AB, et al. A comprehensive approach and
methods for glacial lake outburst flood risk assessment, with examples from
Nepal and the transboundary area. Int J Water Resour Dev 2015;31:219–37.

[51] Khanal NR, Hu JM, Mool P. Glacial Lake Outburst Flood Risk in the Poiqu/Bhote
Koshi/Sun Koshi River Basin in the Central Himalayas. Mt Res Dev
2015;35:351–64.

[52] Shrestha AB, Eriksson M, Mool P, et al. Glacial lake outburst flood risk
assessment of Sun Koshi basin, Nepal. Geomatics, Nat Hazards Risk
2010;1:157–69.

[53] Gruber FE, Mergili M. Regional-scale analysis of high-mountain multi-hazard
and risk indicators in the Pamir (Tajikistan) with GRASS GIS. Hazards Earth
Syst Sci 2013;13:2779–96.

[54] Zou D, Zhao L, Sheng Y, et al. A new map of permafrost distribution on the
Tibetan Plateau. Cryosph 2017;11:2527–42.

[55] Fiddes J, Endrizzi S, Gruber S. Large-area land surface simulations in
heterogeneous terrain driven by global data sets: application to mountain
permafrost. Cryosph 2015;9:411–26.

[56] Allen SK, Ballesteros-Canovas J, Randhawa SS, et al. Translating the concept of
climate risk into an assessment framework to inform adaptation planning:
insights from a pilot study of flood risk in Himachal Pradesh, Northern India.
Environ Sci Policy 2018;87:1–10.

[57] Hauck C. New concepts in geophysical surveying and data interpretation for
permafrost terrain. Permafr Periglac Process 2013;24:131–7.

[58] Bolch T, Rohrbach N, Kutuzov S, et al. Occurrence, evolution and ice content of
ice-debris complexes in the Ak-Shiirak, Central Tien Shan revealed by
geophysical and remotely-sensed investigations. Earth Surf Process
Landforms 2018;44:129–43.

[59] Tonkin TN, Midgley NG, Cook SJ, et al. Ice-cored moraine degradation mapped
and quantified using an unmanned aerial vehicle: a case study from a
polythermal glacier in Svalbard. Geomorphology 2016;258:1–10.

[60] Schneider D, Huggel C, Cochachin A, et al. Mapping hazards from glacier lake
outburst floods based on modelling of process cascades at Lake 513, Carhuaz,
Peru. Adv Geosci 2014;35:145–55.

[61] Haeberli W, Schaub Y, Huggel C. Increasing risks related to landslides from
degrading permafrost into new lakes in de-glaciating mountain ranges.
Geomorphology 2016;293:405–17.

[62] Haeberli W, Buetler M, Huggel C, et al. New lakes in deglaciating high-
mountain regions – opportunities and risks. Clim Change 2016;139:201–14.

[63] Linsbauer A, Frey H, Haeberli W, et al. Modelling glacier-bed overdeepenings
and possible future lakes for the glaciers in the Himalaya-Karakoram region.
Ann Glaciol 2016;57:119–30.

[64] Gautam PK. Climate change and environmental degradation in Tibet:
implications for environmental security in South Asia. Strateg Anal
2010;34:744–55.

Simon Allen obtained his Ph.D. in 2009 from the
University of Canterbury, New Zealand. His research
addresses climate change impacts, hazards and risks in
mountain environments, with a particular focus on High
Mountain Asia.

http://refhub.elsevier.com/S2095-9273(19)30150-1/h0095
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0095
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0095
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0100
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0100
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0105
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0105
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0105
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0115
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0115
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0115
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0120
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0120
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0120
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0125
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0125
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0125
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0130
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0130
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0130
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0135
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0135
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0140
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0140
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0145
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0145
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0150
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0150
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0155
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0155
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0155
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0160
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0160
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0165
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0165
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0165
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0235
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0235
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0235
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0170
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0170
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0170
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0175
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0175
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0175
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0175
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0180
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0180
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0180
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0185
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0185
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0185
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0190
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0190
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0190
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0195
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0195
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0195
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0195
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0200
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0200
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0200
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0205
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0205
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0210
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0210
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0210
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0215
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0215
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0220
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0220
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0220
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0225
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0225
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0230
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0230
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0230
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0240
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0240
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0245
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0245
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0245
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0250
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0250
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0250
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0255
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0255
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0255
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0260
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0260
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0260
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0265
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0265
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0265
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0270
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0270
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0275
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0275
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0275
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0280
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0280
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0280
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0280
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0285
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0285
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0290
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0290
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0290
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0290
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0295
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0295
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0295
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0300
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0300
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0300
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0305
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0305
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0305
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0310
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0310
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0315
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0315
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0315
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0320
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0320
http://refhub.elsevier.com/S2095-9273(19)30150-1/h0320

	Potentially dangerous glacial lakes across the Tibetan Plateau revealed using a �large-scale automated assessment approach
	1 Introduction
	2 Methodology
	2.1 GLOF hazard
	2.2 GLOF exposure
	2.3 GLOF danger

	3 Results
	3.1 GLOF hazard and assessment validation
	3.2 GLOF danger and the transboundary threat
	3.3 Transient influences

	4 Discussion
	5 Conclusion
	Conflict of interest
	Acknowledgments
	Appendix A Supplementary data
	References


