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Abstract. This paper presents a new and easily repeatableesults showed that the presented method successfully identi-
method for assessing the susceptibility of glacial lakes tofied lakes susceptible to outburst floods (pre-flood conditions
outburst floods (GLOFs) within the Peruvian region of the of lakes which have already produced GLOFs).
Cordillera Blanca. The presented method was designed to:
(a) be repeatable (from the point of view of the demands
on input data), (b) be reproducible (to provide an instructive
guide for different assessors), (c) provide multiple results forl Introduction
different GLOF scenarios and (d) be regionally focused on
the lakes of the Cordillera Blanca. Based on the input datal.1 Phenomenon of GLOFs and the Cordillera Blanca
gained from remotely sensed images and digital terrain mod-
els/topographical maps, the susceptibility of glacial lakes toGlacial lakes of all types represent a significant threat for
outburst floods is assessed using a combination of decisiofhe inhabitants of high-mountain regions worldwide (e.g.
trees for clarity and numerical calculation for repeatability Clague et al., 2012; Evans and Clague, 1994; Iribarren et al.,
and reproducibility. A total of seventeen assessed characte’014), including the most heavily glacially covered tropical
istics are used, of which seven have not been used in thisange of the world — the Cordillera Blanca of Peru (Carey,
context before. Also, several ratios and calculations are de2005; Vilimek et al., 2005). A sudden release of retained wa-
fined for the first time. We assume that it is not relevant toter causes floods, so-called “glacial lake outburst floods” —
represent the overall susceptibility of a particular lake to out-GLOFs, which can easily transform into debris or mud flow
burst floods by one result (number), thus it is described in thenovements (e.g. Breien et al., 2008; O’Connor et al., 2001).
presented method by five separate results (representing fivEhese extreme processes are characterised by discharges sev-
different GLOF scenarios). These are potentials for (a) daneral times higher than the discharges reached during “classi-
overtopping resulting from a fast slope movement into thecal” hydrometeorological floods (e.g. Cenderelli and Wohl,
lake, (b) dam overtopping following the flood wave originat- 2001; Costa and Schuster, 1988; Korup and Tweed, 2007).
ing in a lake situated upstream, (c) dam failure resulting fromFrom the geomorphological point of view, these are one
a fast slope movement into the lake, (d) dam failure follow- of the most significant fluvial-gravitational processes in-
ing the flood wave originating in a lake situated upstreamfluencing glacial valleys in the period of deglaciation in
and (e) dam failure following a strong earthquake. All of high-mountain regions (Benn et al., 2012; Richardson and
these potentials include two or three components and theoreReynolds, 2000a).
ically range from 0 to 1. The presented method was verified Since the end of the Little Ice Age, whose second peak
on the basis of assessing the pre-flood conditions of sevefulminated in the Cordillera Blanca in the 19th Century
lakes which have produced ten glacial lake outburst floods ir(Solomina et al., 2007; Thomson et al., 2000), catastrophic
the past and ten lakes which have not. A comparison of thes&LOFs originating from moraine-dammed and bedrock-
dammed lakes have claimed thousands of lives and caused
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considerable damage within the region of the Cordilleral.2 Previous research and existing methods for
Blanca (e.g. Ames and Francou, 1995; Carey et al., 2012; assessing the susceptibility of glacial lakes to
Lliboutry et al., 1977; Zapata, 2002). Many of the largest outburst floods

lakes have been remediated since the early 1950s (Carey,

2005); however, the number of reported outburst floods hasseyeral methods for assessing the susceptibility of glacial
increased over the last decades. This fact is connected 10 thgyes to outburst floods can be found in the literature (Bolch
ongoing progressive deglaciation and to the associated ing; al., 2011; Clague and Evans, 2000; Costa and Schuster,
crease in the overall number of lakes within the Cordillera19gg- Graps and Hanisch, 1993; Gruber and Mergili, 2013;
Blanca (Emmer et al., 2014). Besides the formation and rapiq_|ugge| et al., 2002, 2004: McKillop and Clague, 2007a,
evolution of new dangerous lakes, which is a result of glaciery,. Mergili and Schneider, 2011; O’'Connor et al., 2001;
retreat (e.g. Quincey et al., 2007), the volume of alreadyreynolds, 2003; Wang et al., 2008, 2011, 2012; Yamada,
eX|st.|ng proglacial lakes often increases due to contan|_r191993)_ These methods distinguish themselves by type of
glacier retreat beneath the water level or by lake deepeningnethod construction, number and selection of assessed char-
caused by _meltmq of ice cores incorporated in submerged,cteristics, required input data and rate of subjectivity in as-
basal moraine (Vilimek et al., 2005). The greater the volumegagsment procedures (Emmer and Vilimek, 2013). Some of
of water retained in the lake, the greater the volume of watefpam are regionally focused and some are designed to be
available for potential flooding, depending on the cause andygaptaple. The demands on the input data and the rate of sub-
mechanism of water release (Westoby et al., 2014). Monitorjetivity of assessment procedures are generally considered
ing of glacier behaviour and repeated bathymetric measuréyg the fundamental obstructions to their repeated use. Emmer
ments are thus quite important for registering the dynamicynq vilimek (2013) examined the suitability of these meth-
evolution of a particular lake. _ _ ods for use within the Cordillera Blanca. It was shown that
Generally, there are three types of glacial lakes in thepgne of the applied methods meet all of the specified crite-
Cordillera Blanca, distinguished according to the dam matesja. therefore, a new method is desirable (see Sect. 1.3). Once
rial: (1) moraine dammed; (2) bedrock dammed; and (3) ic€jayes susceptible to outburst floods are identified, flood mod-
dammed. In this article, ice-dammed lakes are excluded beg|jing and delimitation of endangered areas are the next steps

cause they are not significant in volume (in contrast to the, the risk management procedure (Westoby et al., 2014:
high mountains of Central Asia; Hewitt, 1982; lturrizaga, \\iori et al. 2013).

2005) and thus do not represent a threat, hence there is no
need to take them into account in this context. o
There are several causes and mechanisms of GLOF&3 Reasons and objectives of the study
(e.g. Clague and Evans, 2000; Costa and Schuster, 1988;
Grabs and Hanisch, 1993; Richardson and Reynolds, 2000&;he reasons for the presented study are as follows: first, as
Westoby et al., 2014). Fast slope movements into the lakeshown in our previous research — existing methods are not
(e.g. icefall, landslide, or rockfall) producing a displacementwholly suitable for use within the Cordillera Blanca from the
wave, which may overtop or break the lake dam (dependingperspective of the assessed characteristics and the account
on the particular dam type), are the main cause of GLOFof regional specifics (especially the share and representation
within the region of the Cordillera Blanca (Emmer and of various triggers of GLOFs and climate settings; Emmer
Cochachin, 2013). GLOFs following large earthquakes andand Cochachin, 2013; Emmer and Vilimek, 2013). Second,
GLOFs occurring when a flood wave originating from a lake the assessment procedures of the majority of these methods
situated upstream reaches a downstream situated lake weege at least partly subjective (based on an expert assessment
also recorded in this region (Lliboutry et al., 1977; Zapata, without giving any thresholds, when a clear instructive guide
2002). It is clear that the occurrence of GLOFs is a highly is missing), thus different observers may reach different re-
complex issue, which, besides the lake and dam settings, isults even when the same input data are used. Repeated use
closely connected with the wider settings of the lake’s sur-is thus considerably limited and we consider this to be the
roundings (e.g. glaciological setting of the mother glacier,fundamental drawback of the present methods as well as a
slope stability of moraines surrounding the lake, etc.). As-research deficit.
sessing the possibility of GLOF occurrence (susceptibility of Due to the above-mentioned reasons, the main objective of
glacial lake to outburst floods) is thus quite a challenging sci-this work is to provide a comprehensive and easily repeatable
entific problem, which requires an interdisciplinary approachmethodological concept for the assessment of the susceptibil-
as well as cooperation. ity of glacial lakes within the Cordillera Blanca to outburst
floods, verified on the glacial lakes and GLOFs recorded
in this region. The impacts of glacial lake outburst floods
cannot ever be completely eliminated; nevertheless, reliable
assessment of the susceptibility of glacial lakes to outburst
floods is a necessary step in the effective flood hazard and
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consequently risk management and mitigation. Therefore, itepresentation of the assessment procedures and calculations

is of great importance. for clarity and simple repeatability was used in the presented
method.

Recorded mechanisms of GLOFs within the Cordillera

2 Creation of new method Blanca of Peru (Emmer and Cochachin, 2013) have been

shown to be dam overtopping or dam failure (only in case

The presented method is designed to meet four principle®f moraine-dammed lakes), both following various triggers.
which were considered as being crucial based on an analfherefore, we feel it is necessary to strictly distinguish be-
ysis of the drawbacks of the existing methods (Emmer andween these two dissimilar mechanisms in the assessment
Vilimek, 2013). The presented method is designed to (a) bedf the susceptibility of glacial lakes to outburst floods, be-
repeatable (from the point of view of the demands on inputcause the processes affecting the characteristics and also vol-
data; all input data are gained from remotely sensed imagesmes of released water significantly differ. Dam overtopping
and digital terrain models or topographical maps, there iswithin the Cordillera Blanca has been described as a result
no need for field survey); (b) be reproducible (the presentedf (a) fast slope movement into the lake or (b) flood wave
method provides an instructive guide for different assessorsfrom a lake situated upstream. Dam failures have been de-
which should obtain identical results should the same in-scribed as a result of (a) fast slope movement into the lake;
put data be used); (c) provide multiple results for different (b) flood wave from a lake situated upstream or (c) a strong
GLOF scenarios (more detailed view on the susceptibilityearthquake.
of an assessed lake to outburst floods, which also allows We feelitis not meaningful to describe the overall suscep-
individual characteristics important in each scenario to betibility of a particular lake to outburst floods with the use of
targeted) and (d) be regionally focused on the lakes of thea single number, as has been done by many authors before.
Cordillera Blanca (method verification on the lakes of this The presented method thus assesses the potentials for the
range). five above-mentioned scenarios separately, whereby provid-

Creation of a new method for assessing the susceptibiling five separate results. These results are designed as a prod-
ity of glacial lakes to outburst floods generally requires four uct of two or three components for each scenario (Tale 1).
stages, which reflect the structure of the presented papeRichardson and Reynolds (2000a) showed that it is necessary
These are: (1) selection of the type of construction of theto include two components: (a) dam stability and (b) poten-
method; (2) selection of the appropriate characteristics to bdial for initialising event. This more or less corresponds to the
assessed (this stage includes analysis of regional specifi@@mponents presented in this method. It is clear that some of
and also subordination to the data availability); (3) deter-the scenarios include similar components, e.g. both Scenario
mination of thresholds and weightings of the assessed chail and Scenario 3 include the components “potential for fast
acteristics (it is essential to determine the thresholds (crit-slope movement into the lake” and “potential for dam over-
ical values) because of the reproducibility of the methodtopping by displacement wave”; however, Scenario 3 also in-
used) and (4) method verification. Some steps in the concludes the component “dam erodibility”.
struction of the presented method are, nevertheless, partly The obtained results theoretically range from 0 to 1 for
influenced by subjective expert experience and opinion (se€ach component and thus also from O (zero potential) to 1

also Sect. 4.1). (maximum potential) for each scenario. Naturally, this allows
for both the identification of the most susceptible lakes and
2.1 Type of construction of the method the most likely scenario of the outburst flood for a particular

lake (scenario with the highest potential).
Each method for assessing the susceptibility of glacial lakes o .
to outburst floods usually has its own specific construc-2.2 Assessed characteristics and their thresholds

tion. Generally, we can distinguish between: (1) points-based ) ) )
methods, where susceptibility to GLOFs is indicated byAccordmg to the previous research (Emmer and Cochachin,

the number of achieved points (e.g. Huggel et al., 2002;2013; Emmer and Vilimek, 2013), five essential groups of
Reynolds, 2003); (2) calculation-based methods, where Sus(;haracteristic:s which need to be taken into account in a re-
ceptibility to GLOFs is based on the results of defined calcu-9ionally focused method for assessing the susceptibility of
lations (e.g. McKillop and Clague, 2007b: Wang et al, 2011); glacial lakes to outburst floods within the Cordillera Blanca
(3) decision-tree-based methods, where an instructive graphiére estimated. These are groups of characteristics related
cal guide for assessment is given (e.g. the presented methodp (&) the possibility of fast slope movement into the lake,

(4) matrix-based methods, which are usually used in com{P) the distinction between a natural dam and a dam with
bination with, for example, the point-based method and the®medial works (more generally dam stability), (c) the dam

overall susceptibility is derived from two or more compo- freeboard (ratio of dam freeboard), (d) the possibility of a

nents (e.g. Mergili and Schneider, 2011); and (5) their combi-flood wave from a lake situated upstream and (&) the possi-
nations. A combination of decision trees for clear illustrative Pility of @ dam rupture following a large earthquake.
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Table 1. Scenarios of GLOFs and their components.

Number of
assessed
Scenario Description Components characteristics
Scenariol Dam overtopping following fastPotential for fast slope movement 6
slope movement into the lake into the lake
Potential for dam overtopping by 2
displacement wave
Scenario2 Dam overtopping following a Potential for flood wave from a lake 17
flood wave originating in a lake situated upstream
situated upstream
Retention potential of assessed lake 4
Scenario 3 Dam failure resulting from fastPotential for fast slope movement 6
slope movement into the lake into the lake
Potential for dam overtopping by 2
displacement wave
Dam erodibility for Scenario 3 4
Scenario4 Dam failure following the flood Potential for flood wave from a lake 172
wave originating in a lake situ- situated upstream
ated upstream
Retention potential of assessed lake 4
Dam erodibility for Scenario 4 6
Scenario5 Dam failure following strong Potential for strong earthquake 20
earthquake
Dam instability 5

1 Complete procedure for assessing the susceptibility to outburst flood of a lake situated u;?sNeeinput data needed (see Sect. 2.3.5).

Individually assessed characteristics in the new methodliscrete variables are used in the decision trees, but not in the
(requiring input data) were chosen to meet the following cri- calculations.
teria: (1) they fit into the five above-mentioned groups of
characteristics and (2) they are subordinated to data avail2.-3 Decision trees and calculations

ability. Some of the characteristics were repeated in several ) )
of the scenarios (e.g. dam freeboard for Scenarios 1-4) anf¥S We have explained above, five separate assessment pro-

some are specific for an individual scenario (e.g. piping forcedgres (decﬁsion trees) for five different GLOF scenarios
Scenario 5). Most of the characteristics have already bee'® included in the presented method. These are (@) poten-

mentioned in previous studies but we have also used sevef@! for dam overtopping resulting from a fast slope move-

characteristics which have not been mentioned in this conMent into the lake (see Sect. 2.3.1), (b) potential for dam
text before (Table 2). overtopping following the flood wave originating in a lake
situated upstream (see Sect. 2.3.2), (c) potential for dam fail-

Objective determination of thresholds is quite a delicate ; A
ure resulting from fast slope movement into the lake (see

scientific problem; on the other hand, it is highly desirable X ! .
to determine all of the thresholds in order to eliminate the S€Ct- 2.3.3), (d) potential for dam failure following the flood

subjective component (presence of an “expert assessment¥fave originating in a lake situated upstream (see Sect. 2.3.4)

and for repeatability of the method (see also Sect. 4.1). weind (€) potential for dam failure following a strong earth-
aimed to eliminate the need of threshold estimation, thus conduake (see Sect. 2.3.5). The first and second scenarios (dam

tinuous variables and various ratios were used as much a@/eropping) are possible for all lake types, whereas the other
possible. It is clear that it is not wholly possible to limit or SCENarios (dam failures) may occur exclusively in the case of
quantify qualitative discrete variables (e.g. dam type, pipingMoraine-dammed lakes.

occurrence, or type of remedial work); therefore, qualitative
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Table 2.Individually assessed characteristics (input data) used in the presented method.

Characteristic Usein Definition Abbreviation Threshold References(s)
scenario(s) (unit)
Dam characteristics
Dam type S3, S4, S5 Type of material, which - moraine danmx bedrock e.g. Huggel et al. (2004); Mergili

predominantly forms the lake dam (Qualitative

discrete variable)

dam and Schneider (2011)

Dam freeboard

S1,S2,S3,S4 \Vertical distance between the lake=(m)

level and the lowest point on the
dam crest

D =0m — lakes with
surface outflow;
Ds > 0m — continuous

e.g. Clague and Evans (2000);
Grabs and Hanisch (1993);
Huggel et al. (2004); Wang et

variable al. (2008)
Dam width S5 Horizontal distance between theDy =(m) None (continuous variable)  Huggel et al. (2004); McKillop
dam toe and the lake surface and Clague (2007a)
Dam height S5 Vertical distance between the damd,=(m) None (continuous variable)  Huggel et al. (2004); McKillop

toe and the lowest point on the
moraine crest

and Clague (2007a)

Maximum slope of S3,S4 Maximum slope of distal face of theSprpmax= (°) None (continuous variable)  This study
distal face of the dam dam measured in the surface outflow
channel, where possible
Piping S5 Evidence for spring(s) on the distal- yesx no Clague and Evans (2000);
face of the dam body (Qualitative Grabs and Hanisch (1993)
discrete variable)
Piping gradient S5 Mean slope between the piping =(°) None (continuous variable)  This study
spring and the nearest lakeshore
Remedial work S3,S4 Application of remedial works on- concrete outflowk artificial ~ This study
the lake dam and their type (Qualitative damx tunnel
discrete variable)
Lake characteristics
Lake area S1,S2,S3,S4  Lake surface area A= (mz) None (continuous variable)  Chen et al. (1999); McKillop and
Clague (2007a)
Lake perimeter S2,S4 Lake surface perimeter Ligc=(m) None (continuous variable)  This study
Maximum lake width ~ S1, S3 Shortest (linear) connecting line be-y = (m) None (continuous variable)  This study

tween the right and left banks at the
widest part of the lake (perpendicu-
lar to the lake length, which is de-

fined as the shortest connecting line
between the most distant opposite
lakeshores)

Lake surrounding characteristics

Distance between lake S1, S3

Shortest distance between the a®jis=(m)

Djs=0m —direct e.g. Grabs and Hanisch (1993);

and glacier sessed lake (its lakeshore) and the contact between the lake  Yamada (1993)
closest glacier situated above the and glacier;
lake Djs > 0m — continuous
variable
Width of calving front  S1, S3 Horizontal distance between the leff),, = (m) None (continuous variable)  McKillop and Clague (2007a);

and right margins of a calving
glacier

Richardson and
Reynolds (2000a)

Mean slope between S1, S3
lake and glacier

Mean slope between the lake and g =(°)
glacier measured on the shortest
connecting line between the glacier
terminus and the lakeshore

None (continuous variable) ~ Wang et al. (2011)

Mean slope of last S1,S3
500 m of glacier

Mean slope of the last 500 m of theSgs0o=(°)
glacier tongue situated above the as-

None (continuous variable)  Grabs and Hanisch (1993);

Wang et al. (2011)

tongue sessed lake and which is the closest
to the lakeshore
Maximum slope of S1,S3 Maximum slope of the moraine fac-Spymax= (°) None (continuous variable)  This study
moraine surrounding ing the assessed lake and measured
the lake from the lakeshore to the moraine
crest
Mean slope of lake S2,S4 Mean slope of slopes facingthe «=(°) None (continuous variable)  This study

surrounding

assessed lake

S1: dam overtopping resulting from a fast slope movement into the lake; S2: dam overtopping following a flood wave originating in a lake situated upstream; S3: dam failure resulting from fast slope movement into the
lake; S4: dam failure following a flood wave originating in a lake situated upstream; S5: dam failure following a strong earthquake.
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2.3.1 Potential for dam overtopping resulting from fast If the lake is not in direct contact with the glacier
slope movement into the lake (Scenario 1) (Dis > 0m), the topographical susceptibility for icefall

(Ts) = (unitless)) should be calculated as follows:
It has been shown that GLOFs most frequently result from

fast slope movement into the lake, producing a displace-Tsi = sin(S.g) - Sin(Ses00, (2
ment wave (e.g. Costa and Schuster, 1998; Clague and Evans .
2000; Awal et al., 2010). There are two components thatWhere the mean slope between the lake and the gla_c:|er
need to be taken into consideration when assessing the pdSLe = (%)) and thoe mean slope of the last 500 m of the glacier
tential for Scenario 1. These are (a) potential for fast slopg®N9ue 6csoo= (")) are used. A sinus function was chosen
movement into the lake and (b) potential for dam overtop-to describe the non-linear increasing potential with increas-
ping by a displacement wave. The overall potential for Sce-

ing slope. The second reason for selecting a sinus function
nario 1 is consequently derived by combining both of theseVaS that we believe that it is more important to stress the
components.

rapidly increasing susceptibility of the slopes between 0—60
The group of characteristics describing the first compo-than between 60-90because moraine slopes steeper than

nent includes characteristics related to the various types of " requently fail. For this reason a tangent function which
fast slope movements, which may enter the lake and consestresses differences between steeper slopes was not used. We

quently cause a displacement wave resulting in dam overtopf-eel that it is not necessary to include the distance between

ping. These are especially characteristics related to the podh€ lake and the glacier in the equation, because the question
sibility of (a) calving into the lake, (b) icefalls from hang- of whether a broken block of ice will finally hit the lake or

ing glaciers into the lake and (c) landslides on moraines sur0tis primarily controlled by the slope between the lake and
rounding the lake. Thus, the first component includes thredn€ glacier. Moreover, the distance between the lake and the

subcomponents. For the final assessment of the Scenario §/aCier is used in the previous step in the decision tree.
the higher subcomponent is used. To assess the potential for a landslide of a moraine into the

The first step in assessing the potential for icefall into thelake, itis first necessary to decide whether there are unstable

lake is to determine whether a glacier is situated above th&noraine slopes in the lake surroundings. It is recommended
lake or the valley is already completely deglaciated. If the!© make a decision on the basis of manual expert analysis
valley is already completely deglaciated, the potential for ice-Cf Nigh-resolution optical images, or geomorphological (ge-
fall into the lake is naturally equal to O. If there are glaciers ©/09ical) maps, if available. If there are moraines surround-

above the lake, the first of the assessed characteristics ré29 the lake, then the potential for a landslide into the lake is
lated to the potential for icefalls from calving or hanging described by a single characteristic in the presented method,

glaciers into the lake is the distance between the lake and th@s follows:

glacier (Dis = (m)). This characteristic provides information Ter = sin(S 3
on whether the lake is in direct contact with the glacier (calv- st (Stamax). ®)
ing 0CCUfS) or not. If the assessed lake is in direct contact WithNhereSMmax is the maximum S|0pe of amoraine Surrounding

a glacier Ois = 0m), then the ratio of the width of the calv-  the lake Smmax= (°)). We suppose that the use of the max-

ing front to the maximum lake width§,, ,.w = (unitless)) is  imum slope instead of the mean slope, which is generally

calculated as follows: used, is more representative for this assessment procedure,
because the possibility of a landslide occurrence is generally
7Cy /Lw = Cw/Lw; (1) not controlled by the mean slope but by the maximum slope.

whereCyy is the width of the calving front@y = (m)) and The dgusmn tree describing the procedure for assessing the
Ly is the maximum lake widthi{y = (m)). Ratior potential for fast slope movement into the lake provides three
" N . Ciw /LW results: potential for calving into the lake, potential for ice-

is used to simplistically describe the potential for an appear—]caII from hanging glaciers into the lake and potential for a

ance of a displacement wave(s) induced by the falling of partiandslide of a moraine into the lake. The higher value is typ-

of the front of a calving glacier into the lake, with limited ically used for the final assessment of the potential for dam
demand on input data (see Sects. 4.1, 4.3). It is clear that the y P

e . . ; . . Overtopping following fast slope movement into the lake, but
potential increases with an increasing width of the calving . !
. . : . ach of the values can be used to estimate the potential for
front. In order to obtain a dimensionless value, we decide e
. . . each specific trigger.
to relate the width of the calving front to the maximum lake . .
. . . ; . ) The second component for assessing the potential for dam
width. The potential for icefall into the lake is equal to 1 if : : . :
. : . : overtopping following fast slope movement into the lake is
the ratio of the width of the calving front to the maximum the potential for dam overtooping by a displacement wave. It
lake width is equal or greater to 1. If it is less than 1, then the P bping by P :

. : : ; . is necessary to decide whether the displacement wave gener-
resulting value is used as the potential for icefall into the lake .
(Fig. 1), ated by the slope movement into the lake would overcome the

dam freeboard); — vertical distance between the lake level
and the lowest point on the dam creBt;= (m)) or would be
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1 COMPONENT - POTENTIAL FOR FAST SLOPE MOVEMENT INTO THE LAKE PARTIAL POTENTIALS:
POTENTIAL FOR ICEFALL INTO THE LAKE

|Are there any glaciers situated above the lake 7?7 }7“0 -0

yes

Caloulation of ratio of width

‘ Distance between lake and g\auer??}—gs =0m —® of calving front to lake width [— rowm < 1 P =Ans of Eq. (1)
I o (B (1))
D:>0 I
Tewiw 2 1 > -
Calculation of topographical
usceptibility to icefall into the lake - =Ans of Eq (2)
Tai (Eq. (2))
POTENTIAL FOR LANDSLIDE OF MORAINE INTO THE LAKE
| Are there any moraines surrounding the lake 77 l— no =0
I
yes
Caleulation of topographical susceptibility to
landslide of moraine into the lake P = Ans of Eq (3)
TeL(Eq.(3))
2" COMPONENT - POTENTIAL FOR DAM OYERTOPPING BY DISPLACEMENT WAVE
Cam freeboard 72 — Or=0m > =1
Dy= 0m
Calculation of ratio of dam freeboard
Calculat fvol f d lak
aetatone \\//D(Er[ﬂ]etf))assesse A }—' to cube root of lake volume —————————® = 1-(Ans of Eq. (5))
A=)

Figure 1. Decision tree for assessing the potential for dam overtopping resulting from a fast slope movement into the lake (Scenario 1). The
overall potential is derived as a product of the highest partial potentials of the first and second components.

captured within the lake. The first step in this part of the de-method because the bathymetry of the majority of the glacial
cision tree is therefore an assessment of the dam freeboarthkes within the Cordillera Blanca is not measured. With this
If the assessed lake has surface outfléw£ 0 m), then the  input data it is possible to calculate the ratio of dam free-
potential for dam overtopping following fast slope movement board to the cube root of lake volumey(, v = (unitless)) as
into the lake is maximum 1). If D > 0m, the ratio of dam  follows:

freeboard to the cube root of the lake volumg, () is cal-

culated (see Eq. 5). This ratio was chosen for several reasonsp; ;v = Ds/ [/ (%)
First, this ratio provides a continuous variable therefore it is

not necessary to determine any thresholds. Second, this ravhereDy is dam freeboardl¢s = (m)); andV is lake volume

tio increases with increasing dam freeboard and decreasdd’ = (m?); Eq. 4). The cube root function was used for the
with the same dam freeboard and greater lake volume. Thirdpurpose of unifying the units.

there is no need to estimate the volume of potential slope ) . )
2.3.2 Potential for dam overtopping following the flood

movement. L .
It is clear that the lake volume is an essential input wave originating in a lake situated upstream
value for the calculation of dam freeboard to the cube root (Scenario 2)

of the lake volume ratio. The relation between lake sur- . o L
An outburst flood following Scenario 2 is possible in the cas-

face area 4 =(m?)) and lake volume ¥ =(m®) of 35 o .
glacial Iak£ of( va?i)ous types (both mo:(ainé-daiz’nmed Iakescade systems of the lakes within the Cordillera Blanca. Hand

and bedrock-dammed lakes) and sizes (from 602 in hand with ongoing deglaciation, new unstable lakes at high
to 49.63x 10° m3) within the Cordillera Blanca was used elevation about 5000 m a.s.. are forming and rapidly growing
for this purpose. Input data were gained from Autoridad(Emmer et al., 2014) and pose possible triggers for outburst

Nacional del Agua bathymetries (Cochachin et al., 2010;floods from lakes situated downstream (large lakes in main
Cochachin and Torrés, 2011). The empirical power functionva"eys)'

formula for deriving lake volumey) from easily measured Assessment O.f the potential for Scenarlg 2 gene.rally re-
lake surface areal( was estimated as follows: quires the following two components to be included: (a) re-

tention potential of a lake situated downstream (assessed
V=0.05429341483009,2_0 927), (4) lake) and (b) potential for a flood wave from a lake situ-
ated upstream. Due to their interconnection and for reasons
whereA is the lake surface area & (m?)). This formulais  of clarity, both of these components are incorporated in the
used for calculating all of the lake volumes in the presenteddecision tree simultaneously (are not distinguished) (Fig. 2).
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COMBINATION OF 1 AND 2™ COMPONENT - POTENTIAL FOR DAM OVERTOPPING PARTIAL POTENTIALS:
BY FLOOD WAVE ORIGINATING IN A LAKE SITUATED UPSTREAM:
| Are there any lakes situated upstream ?7? |> ho » =0

yes

v

Calculation of retention potential of assessed lake
Vit (Eq). (6))

I I
Via=0 Vi 0

v v

Estimation of critical area Calculation of ratio of volume of lake situated
of upstream situated lake upstream to retention potential of assessed lake|—rm <1 —p =
At (Eq. (8)) Foneet (EQ). (7))

Do any lakes exceed this
area 77

ho yes—P|

Funseat> 1

- ‘ — I I to th
Calculation of susceptibility of upstream > s:secqel::atib;l’ity :f
situated lake upstream situated lake

| .o

Figure 2. Decision tree for assessing the potential for dam overtopping following a flood wave originating in a lake situated upstream
(Scenario 2).

The presented method is not designed to take into accountolume to the downstream lake retention potential has the
the retention potential of the valley between two consecu-following form:

tive lakes. This is especially due to the fact that this question

is quite complex and requires its own assessment procedur®’/Viet = V/ Vret: (7)

with high demands on input data. Therefore, we assume the ) ,

distribution of all of the escaped water from the upstream sit-Where ‘g is the volume ,Of the Iake. situated i upstream
uated lake into the downstream situated lake. If the upstreanﬁv = (m ): EQ. 4), andViet is the rgtentlon potential of the
situated lake is considered to pose a threat to a downstreag<e Situated downstreanig; = (m°); Eq. 6). The result of
situated lake, then we recommend more detailed investigall® UPstream lake volume to downstream lake retention po-
tion in order to quantify the retention potential of the valley (€ntial ratio calculation is limited: @ ry,y,, < co. If the

between these lakes and subsequently the flood modelling. '2ke volume of the lake situated upstream is higher than the
An assessment of the potential for Scenario 2 is only'€t€ntion potential of the lake situated downstream ., >

meaningful when the ratio of the upstream lake volume tol): then the flood wave originating from this upstream lake

downstream lake retention potentia (y,.,; = (unitless)) is may subsequently also cause an outburst flood from the lake

higher than 1 (see Fig. 2). This ratio describes whether theituated downstream. In this case, it is necessary to assess
lake volume of the upstream situated lake is greater than thf“e susceptibility of the upstream situated lake to an outburst

retention potential of the downstream situated (assessed) laki?0d Separately. The potential for dam overtopping is there-
or not. fore equal to the susceptibility of the upstream situated lake

In this ratio, Eq. (4) is used for estimating the volume of to outburst flood (the whole assessment procedure is needed).

the upstream situated lake(s). The second component of thlé‘ cases where the retention potential of a downstream situ-

ratio is the retention potential of a downstream situated (as2t€d 12ke is higher than the volume of upstream situated lake,

sessed) lakelet= (M?)). Based on a simplified geometric the poteptial flood wave would be'absorbed by the d(.)wn.—
model of the lake, the formula for calculating the retention stream situated lake and the potential for dam overtopping is

potential was estimated as follows: thus equal to zero (Fig. 2). _
It is clear that the calculation ofy,y,, is not relevant

Viet= Dy- (6A + D - 1g(90— ) for lakes with surface_ogtflomﬂf =0m; Viet = 0;7V/ Vet -
00). In these cases, it is necessary to estimate the minimal
(3Llac+ 27 - Dt -tg (90— ))) /6, (6)  volume or the critical lake arealfyit = (M?)), which needs
a separate assessment procedure (to avoid assessing all of
the small lakes situated upstream). For this purpose, a simple
equation was estimated:

whereDs is the dam freeboard) = (m)); A is the lake sur-
face aread = (m?)); Liac is the lake perimeterl(jc = (m));
« is the mean slope of the lake surroundings=((°)). Equa-
tion (6) is used to quantify the maximum absorbable vol- 4. = 0.05. 4, (8)

ume of water before the dam crest is reached (the retention

potential of the lake), assuming a gradual increase in watewhereA is the surface area of the assessed lake (m?)). A

level (not assuming the possibility of the appearance of a sigeonstant (0.05) was chosen on the basis of analyzing previous
nificant displacement wave caused by the flood wave fromevents (e.g. the 2012 event in Artizon (Santa Cruz) valley;
the upstream situated lake). The ratio of the upstream laké&Emmer et al., 2014) and expert assessment. For the sake of
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reproducibility of the method, this constant needed to be estigeometry and thus susceptibility to erosion (erodibility). The
mated, even if in a partly subjective way (see also Sect. 4.1)maximum slope of the distal face of the moraine was used
Should a lake situated upstream exceed the calculated criticab capture the most vulnerable part of the moraine dam as
lake area, then it is necessary to assess the susceptibility efe suppose that this is more predicative than the use of the
this lake to an outburst flood separately (whole procedure)mean slope (in contrary to methods presented by Wang et al.,
The potential for Scenario 2 of the assessed downstream si2008, 2011; Mergilli and Schneider, 2011). Without the need
uated lake is then equal to this result (Fig. 2). for field survey, we can assume a uniform internal composi-
tion of different moraine damsPprs3is the peak discharge
2.3.3 Potential for dam failure resulting from fast Slope factor for Scenario BRDFS.?:: (uniﬂess); qu) Therefore
movement into the lake (Scenario 3) the erodibility of the dam in the presented method is only de-

. ioned in the introducti gendent on (a) the maximum slope of the distal face of the
As it was mentioned in the introduction, an assessment o}y, 1\ and (b) the peak discharge factor.

the potential for Scenario 3 requires the same procedure as
the assessment of the potential for Scenario 1, with the dif2.3.4 Potential for dam failure following a flood
ference being that the dam erodibility has to be taken into wave originating in a lake situated upstream
consideration. This term is used to describe the “immunity” (Scenario 4)
of amoraine dam (its outflow) to the extreme flow rate result-
ing from a displacement wave overtopping a moraine crest. It is generally necessary to take three components into ac-
Therefore, three components need to be incorporated (Tacount for a meaningful assessment of the potential for the
ble 1): (a) potential for fast slope movement into the lake, Scenario 4 (see Table 1). These are (a) retention potential of
(b) potential for dam overtopping by a displacement wavea lake situated downstream (assessed lake), (b) potential for a
and (c) dam erodibility. The overall potential for Scenario 3 flood wave from a lake situated upstream and (c) dam erodi-
is calculated as a product of these three components and tHality of a downstream situated (assessed) lake. The overall
overall procedure is shown in detail in Fig. 3. The procedureprocedure (decision tree) for assessing the potential for Sce-
for estimating the components (a) and (b) is similar to thenario 4 is described in Fig. 4. The procedure for the estima-
one described in the first scenario (Fig. 1). tion of components (a) and (b) is similar to the one described
For estimating dam erodibility (third component) on the in the Scenario 2 (see Sect. 2.3.2; Fig. 2).
basis of remotely sensed high-resolution images and digi- Analogically to the previous scenario, dam failure may
tal terrain model (DTM) or topographical maps, without any only occur in the case of moraine-dammed lakes. Therefore,
field survey, itis generally necessary to include the characterthe first step in assessing the potential for Scenario 4 is to dis-
istics describing dam material, dam geometry and peak distinguish between the different dam types (Fig. 4). The peak
charge. With reduced demands on input data, the dam matedischarge factor for Scenario 4 (dam failure following a flood
rial is only characterised by dam type (moraine-dammed lakevave originating in a lake situated upstream) is calculated as
or bedrock-dammed lake). Dam geometry is represented bjollows:
the maximum slope of the distal face of the dasBrpmax;
see below) and peak discharge is calculated in the form of dorsa= ((V — Vied /A)%, (11)
peak discharge factoPtr). The calculation of the peak dis- \here v is the volume of the lake situated upstream
charge factor is different for the different scenarios. There-(y = (m3); Eq. 4), V;et is the retention potential of a down-
fore, Porszis used for Scenario 3, whil€prssis used in  stream situated (assessed) lakad= (m3); Eq. 6) and A is
Scenario 4 (see Sect. 2.3.4; Hd). the area of the assessed lake=t (m?)). The peak discharge
The presented method does not quantify the volume of pofactor (Pprss= (m?)) is designed to substitute the peak dis-
tential slope movement(s) into the lake, thBsrsz is de-  charge, which can be generally expressed as a product of the
signed to simplistically describe the peak discharge for ancross-sectional area and flow velocity. The flow velocity is
idealised Unitary fast Slope movement into the lake. In thiSnot known, thUSPDFS4 is based On|y on the cross-sectional
scenarioPprszis calculated as follows: area of the flow. The power of two was used to stress that
©) the cross-sectional area and the peak discharge increase ex-
ponentially with an increase in the water level, which is ex-
whererp,,v is the ratio of the dam freeboard to the cube pressed as—ViedA; (M)). If Pporsa> 1, Pprsa=1 is used

Pors3=1—rpv

root of the lake volumer(y, /v = (unitless); Eq5). After that, in the following calculation of dam erodibility for Scenario 4
erodibility of the dam for Scenario Fgppsa) is estimated  (Erppsa= (unitless)):
as follows: .

ErpBs4= SIN(SpFpmax) - POFS4 (12)
ErpBs3= SIN(SprFbmax) - PDFS3 (10)

whereSprpmaxis the maximum slope of the distal face of the
where Sprpmax iS the maximum slope of the distal face of dam Sprpmax=(°)), and Pprss is the peak discharge fac-
the dam Sprpmax= (°)), simplistically describing the dam tor for Scenario 4 Ppesa= (unitless); Eq11). Analogically
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1'COMPONENT - POTEN TIAL FOR FAST SLOPE MOVEMENT INTO THE LAKE PARTIAL POTENTIALS:
PCTENTIAL FOR ICEFALL INTO THE LAKE

\
"

|Are there ary glaciers situated above the lake 77 r—“m
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Calculation of ratio of width
‘ Distance between lake and glacier W'“Di =0m —® of calving front to lake width [— fww < 1——8= =Ans of Eq. (1)
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=1
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\
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POTENTIAL FOR LAMDELIDE OF MORAINE INTO THE LAKE:

| Are there any maraines surrounding the lake 77 I— no =0

yES

Calculation of topographical susceptibility to
landslide of moraine into the lake » = fnsof Eq. (3)
e By (3]]

2" COMPONENT - POTEN TIAL FOR DAM OVERTOPPING BY DISPLACEMEN T WAVE

Dam fregboard 77— Dr=0m

Dt 0m

'

Calculation of ratio of dam freeboard
Caulaton Df\f‘(gg E(EJ)ESSESSEG fake }—D to cube roat of lake volume —————® = 1-(Ansof Eq.(8))

e (B (5))

\J
[0

3" COMPONENT — DAM ERODIBILITY FOR SCENARICO 3

bedrack dam F_—

rmoraine dam
Remedial works 7?7 —no —m|
WES T
Does remedial wark include i
concrete autflow ??

e Lagll!]

Calculation of eradibility of moraine dam | e =
Eronss (Er), (10)) ‘ =Ansof Eq. (10)

Figure 3. Decision tree for assessing the potential for dam failure resulting from a fast slope movement into the lake (Scenario 3). The overall
potential is derived as a product of three partial components.

to Scenario 2, in the presented method we assume a gradvhole region of the Cordillera Blanca is categorised as a zone
ual increase in the water level in the downstream situatedvith maximum peak ground acceleration (PGA) of between
lake rather than the formation of the significant displacement3.2 to 6.4 m 52. Although most earthquakes have their origin
wave. The retention potential of the valley between the con-in the subduction zone of the Pacific Ocean, we suppose that

secutive lakes is also not considered. there is no significant difference in the maximum PGA be-
tween the west and east side of the Cordillera Blanca. There-

2.3.5 Potential for dam failure following a strong fore, the whole region of the Cordillera Blanca has an equiv-

earthquake (Scenario 5) alent (similar) potential for strong earthquakes, and it is not

necessary to take characteristics of potential earthquakes into
An assessment of the potential for Scenario 5 requires twaccount on a regional scale during the assessment of the sus-
components to be included (see Table 1). These are (a) p@eptibility of glacial lakes to outburst floods in the presented
tential for a strong earthquake and (b) dam instability. Themethod. Thus, the first component in the assessment of the
Cordillera Blanca is generally considered to be one of thepotential for dam failure following a strong earthquake (po-
seismically most active high-mountain regions of the con-tential for strong earthquake) is always equal to 1 (the whole
temporary world. It is clear that the potential for a strong region is susceptible to a strong earthquake).
earthquake in comparison with other regions of the world The second component (dam instability) firstly requires
needs deeper evaluation; on the other hand, the potential fain assessment of dam type. It is clear that dam failure fol-
a strong earthquake on a regional scale (assessing the diflswing a strong earthquake is not a possible scenario for
ferences between each parts of this mountain range) is nddedrock-dammed lakes, because bedrock dams are gener-
needed. A South American seismic hazard map presented bylly considered to be stable (dam instabitity) and overall
USGS (Giardini et al., 1999; Rhea et al., 2010) shows that
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COMBINATION OF 1% AND 2™ COMPONENT - POTENTIAL FOR DAM OVERTOPPING PARTIAL POTENTIALS:
BY FLOOD WAVE ORIGINATING IN A LAKE SITUATED UPSTREAM:
| Are there any lakes situated upstream ?? F ho » =0

yes

v

Calculation of retention potential of assessed lake

Vi (Eq. (8))
\ \
Via=0 Via>0
Estimation of critical area Calculation of ratio of volume of lake situated
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Figure 4. Decision tree for assessing the potential for dam failure following a flood wave originating in a lake situated upstream (Scenario 4).
The overall potential is derived as a product of three partial components.

potential for dam failure following a strong earthquak®; gradient ¢ =(°)). The piping gradient provides informa-
see Fig. 5). tion about the slope between the lake water level and piping
It has been shown that moraine dam failure following a springs. A double value is used to emphasise the role, of
strong earthquake occurs due to changes in the internal struevhich is rarely higher than 20In the case that there is no
ture of the dam and consequent internal erosion (piping)gevidence of piping, dam instability); = (unitless)) is calcu-
which cyclically increases its rate due to the increasing dis-ated as follows:
charge (positive feedback mechanism; Lliboutry etal., 1977; ) (r )2 (15)
Yamada, 1998). In extreme cases, increasing piping may Ieaé)| Dn/Dw)
to dam rupture. Therefore, a crucial characteristic in assesswhererp,  p,, is the ratio between the dam height and the
ing the potential for dam failure following a strong earth- dam width ¢p, , p,, = (unitless); Eq13). The power of two
quake is information about the internal structure of the dam0f rp,/ p,, Was used to emphasise that no piping occurs (to
represented in this study by piping through the dam. If pip-Stress dam geometry).
ing occurs, the estimation of dam instabilit,(= (unitless))
requires the following procedure, which starts with a calcu-
lation of the ratio between the dam height and the dam widt
(*pr/ Dy = (unitless)) as follows:

2.4 Required input data

hThe presented method is designed to provide a repeatable
methodological concept for assessing the susceptibility of a
7Dy /Dy = Dh/ Dw, (13) high num_ber of lakes to ou_tburst floods, with a limited de_—
mand on input data. We believe that the method for assessing
where Dy is dam height Dh=(m)), Dy is dam width  he susceptibility of glacial lakes to outburst floods and incor-
(Dw = (m)). Then, dam instability®; = (unitless)) is calcu-  porating the assessed characteristics should always be partly
lated as follows: subordinated to data availability, in order to provide applica-
(14) bility and repeatability of the method. The presented method
focuses on a wide range of users and thus is designed for
whererp,, p,, is the ratio between the dam height and the broadly available input data. All of the assessed characteris-
dam width ¢p,,/ p,, = (unitless); Eq13), andy is the piping  tics (see Table 2) are easily derivable from high-resolution

D\ =rpy/ Dy - SIN2y),
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1 COMPONENT - POTENTIAL FOR STRONG EARTHQUAKE: PARTIAL POTENTIALS:
|Predisposition for strong earthquake ?? lf yes - =1
2 COMPONENT —DAM INSTABILITY:
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Figure 5. Decision tree for assessing the potential for dam failure following a strong earthquake (Scenario 5).

optical images (e.g. Google Earth Digital Globe, 2014) and3.2 Input data used for method verification

digital terrain models (or topographical maps). Characteris-

tics which need field survey (e.g. geological setting, detailedinput data for assessing the pre-GLOF conditions of the ex-
glaciological setting or characteristics describing the internal@mined events as well as input data for assessing the suscep-

dam structure such as buried ice presence/absence) are riffility of lakes which have not yet produced GLOFs were
incorporated. gained from various sources: (a) remotely sensed images

(Google Earth Digital Globe 2014 covering the Cordillera
Blancaregion since 1970; three sets of old aerial photographs
3 Method verification for the periods 1948-1950, 1962—1963 and 1970); (b) un-
published research reports from the archive of Autoridad
National del Agua (Huardz, Peru); (c) data and information
. . : . gained during a field survey performed in May/June 2012,
It is always highly important to verify the relevance of a new June/July 2013 and May/June 2014; (d) contemporary and

method, to prove 't?’ _funpuonahty. The main idea of the pre- historical ground-based photos from the studied sites and (e)
sented method verification is the assessment of the suscep-

L . opographical maps at a scale of 1: 25000 from the Peruvian
tibility of several lakes to outburst floods, of which some cadastral office (COFOPRI) with basic contour intervals of
have produced GLOFs since the end of Little Ice Age (Ta-

ble 3) and some have not. Seven lakes from the region 0?5 m. A comprehensive list of input data used for the assess-

the Cordillera Blanca, which have produced 10 GLOFs, werement 's presented in the Supplement.

selected so that different lake types, different causes and dify 3 Rasyits
ferent scenarios of GLOFs are represented. Another criterion

was data avallablllty for historical events (scientific pUb“- The results of the method can genera”y be verified from two
cations, aerial photos, reports from ANA archive, Huaraz, points of view: (a) the most likely scenario for a particular

Peru). Ten lakes which have not yet produced a GLOF wergake and (b) the most susceptible lake for each scenario. A
chosen to be assessed to prove the presented method in cogbmbination of both of these results provides quite a good

parison with GLOF-producing lakes. These 10 lakes weregverview of the susceptibility of the examined lakes to out-
selected so that different lake types and settings are repreyurst floods.

sented. Therefore, a total number of 20 lakes (pre-flood con-
ditions respectively) were examined. 3.3.1 The most likely scenario for a particular lake

An assessment of the pre-flood conditions of the lakes
which have already produced GLOFs should show whetheNerification of the most likely scenario of a GLOF for partic-
the presented method allows us to identify the most likelyular lake is relevant only in the case of lakes which have al-
GLOF scenario for a particular lake (comparison with real ready produced GLOFs (seven lakes, 10 examined pre-flood
cause) and if these lakes will have a higher potential tharfonditions). Itis important to stress that the potential for Sce-
lakes which have not yet produced GLOFs. A comparisonnario 1 and Scenario 2 (dam overtopping) is always higher
between the pre-GLOF conditions of the lakes which havethan or equal to the potential for Scenario 3 and Scenario 4,
produced GLOFs with those which have not should highlightrespectively, because dam overtopping is a prerequisite for
the most susceptible lakes for each scenario. The assumptigiam failure. We feel it is relevant to distinguish between
is that the presented method should clearly distinguish bethese mechanisms of GLOFs because of subsequent flood
tween lakes which have already produced GLOFs and thosgodelling and an estimation of the volume of potentially re-
which have not. leased water.

3.1 General principle
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Table 3. List of examined lakes (historical GLOFs).

Lake Valley Date of GLOF Lake type  Probable scenario Reference
Artesoncocha (7/1951) Parén 16-17 July 1951 MDL Dam failure following icefaBhiglino and Spann (1951);
into the lake Lliboutry et al. (1977)
Artesoncocha (10/1951) Par6n 28 October 1951 MDL Dam failure following icefdlbrres and Brottger (1951);
into the lake Lliboutry et al. (1977)
Artizon Alto Artizon/Santa Cruz 8 February 2012 BDL Dam overtopping following Emmer et al. (2014)
landslide of lateral moraine
into the lake
Artizon Bajo Artizon/Santa Cruz 8 February 2012 MDL Dam failure following a flooEmmer et al. (2014)
wave from a lake situated
upstream
Jancarurish Los Cedros 20 October 1950 MDL Dam failure following icefalliboutry et al. (1977)
into the lake
Lake no. 513 Chucchun 11 April 2010 BDL Dam overtopping followingCarey et al. (2012), Klime$
ice/rock fall into the lake etal. (2014)
Palcacocha (1941) Cojup 13 December 1941 MDL Dam failure following icefdlippenheim (1946)
into the lake
Palcacocha (2003) Cojup 19 March 2003 MDL Dam overtopping following \édlimek et al. (2005)
landslide of lateral moraine
into the lake
Safuna Alta (1970) Tayapampa/Collota 31 May 1970 MDL Dam failure caused by ldiboutry et al. (1977)
earthquake
Safuna Alta (2002) Tayapampa/Collota 22 April 2002 MDL Dam overtopping following Hubbard et al. (2005)

rockslide/rockfall into the lake

BDL: bedrock-dammed lake; MDL: moraine-dammed lake.

Table 4. Pre-GLOF condition (susceptibility to outburst floods) of lakes assessed by the presented method (Bold — the highest potential for
a particular lake; italicised — the actual cause).

Potential for dam overtopping as a result of Potential for dam failure as a result of

Lake (condition) Recorded GLOF trigger

and mechanism

Flood wave from
a lake situated
upstream (Scenario 2)

Fast slope
movement into
the lake (Scenario 1)

Flood wave from
a lake situated ~ Strong earthquake
upstream (Scenario 4) (Scenario 5)

Fast slope
movement into the
lake (Scenario 3)

Artesoncocha (7/1951) Dam failure following 1.000(calving) 0.000 0.259 0.000 0.025
icefall into the lake

Artesoncocha (10/1951) Dam failure following 1.000(calving) 0.000 0.225 0.000 0.019
icefall into the lake

Artizon Alto Landslide of moraine/dam 0.996(landslide) 0.000 0.000 0.000 0.000
overtopping

Artizon Bajo Flood wave from a lake 0.985 (landslide) 0.996 0.205 0.207 0.026
situated upstream/dam
failure

Jancarurish Icefall/dam failure 0.983(calving) 0.000 0.554 0.000 0.135

Lake no. 513 Icefall/dam overtopping 0.378(icefall) 0.000 0.000 0.000 0.000

Palcacocha (1941) Icefall/dam failure 1.000(calving) 0.000 0.559 0.000 0.217

Palcacocha (2003) Landslide of moraine/dam  0.961(calving) 0.000 0.000 0.000 0.026
overtopping

Safuna Alta (1970) Dam failure following 0.604(calving) 0.000 0.279 0.000 0.231
strong earthquake

Safuna Alta (2002) Landslide of moraine/dam  0.589(landslide) 0.000 0.261 0.000 0.147

overtopping

The presented method successfully identified real GLOFwas Scenario 1 (dam overtopping by a displacement wave
triggers in 9 out of 10 cases (the only exception was the Lakecaused by calving of the glacier into the lake). The real cause
Safuna Alta 1970 event; see Table 4). The condition of Lakeof the flood was Scenario 5 (earthquake-induced piping). In
Safuna Alta before a catastrophic earthquake occurred on thfact, Lake Safuna Alta was assessed as the lake with the high-
31 May 1970 indicated that the most likely GLOF scenario est potential for Scenario 5 of all of the assessed lakes. From
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Figure 7. Assessed lakes and their potential for Scenario 1 ranked
from the highest to the lowest. The results for particular lakes are
listed in Table 5.
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Figure 6. Localisation of studied lakes (base map modified accord-
ing to USGS). 08
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°
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GLOFs by mechanism of Scenario 2
(or subsequent Scenario 4)

this point of view, it is also quite important to compare the 06

results within each scenario (see Sect. 3.3.2). DA ‘ | ‘

 lakes which have not yet produced
GLOFs

o
03

3.3.2 The most susceptible lake for each scenario 02
The results of the assessment of the potential for each sce °
nario were ranked from the highest to the lowest potential

for a GLOF (see Table 5). In general, the presented metho‘fi'igure 8. Assessed lakes and their potential for Scenario 2 ranked

reliably diStinngh?S b?tween |ake§ which later producetkom the highest to the lowest (please note that the empty columns
GLOFs to those which did not. Detailed results for each sceyepresent lakes with a zero potential for this scenario; the results for

nario are described below. particular lakes are listed in Table 5).
Scenario 1: it can be clearly seen that the susceptibility to
outburst floods of pre-flood conditions of lakes which have
produced GLOFs by Scenario 1 reached the seven highSect. 4.3) and a GLOF following its potential impact on the
est potentials (Fig. 7). Three conditions reached the maxiaffected lake may occur elsewhere, even from an ostensibly
mum potential of 1.00. These were the conditions of Lakesafe lake (e.g. Lake no. 513, which was generally considered
Artesoncocha, before it produced GLOFs in July and Octo-as safe after the level of the artificial lake decreased by about
ber 1951 and Lake Palcacocha before it produced a GLOF i20 m; nevertheless, a GLOF occurred in 2010; Carey et al.,
1941. Four other lakes which have already produced GLOF2012).
reached a potential for Scenario 1 higher than 0.95. After Scenario 2: the presented method reliably identified the
that, a significant decrease in the reached potentials is evidemnly event that involved Scenario 2 (Fig. 8). This was dam
and lakes which have not yet produced GLOFs are ranked. overtopping and subsequent dam failure of Lake Atizon Bajo
The presented method works perfectly until the thirteenthfollowing a flood wave from Lake Artizon Alto in 2012 (po-
position. After that there are two evident disharmonies — thetential 0.996). Two other lakes have significantly large lakes
Lake Safuna Alta 2002 event (14th position) and the Lake nosituated upstream in their catchment area, and thus have a
513 2010 event (20th position). We have the following expla-nonzero potential for Scenario 2 (Churup and the upstream
nation for this phenomenon: first, both of these events weresituated Lake Churupito; Auquiscocha and the upstream sit-
caused by an extraordinary high-volume slope movementuated Lake Checquiacocha). Neither of these systems have
which cannot be reliably identified or accurately predicted produced a GLOF and this was confirmed by them reaching
without detailed field glaciological and geological survey. significantly lower potentials (0.574 and 0.553, respectively)
Second, both of these lakes have a dam freeboard of the ordér comparison with the Atizon cascade. On the other hand,
of tens of metres, which would help to significantly limit the the low number of the examined events of this scenario is
expected low- or middle-scale events and thus decrease th& potential shortcoming, with the Artizon 2012 event being
susceptibility for dam overtopping in the presented methodthe only well-documented event of Scenario 2 (Scenario 4,
From another point of view, the large-scale fast slope movetespectively) from the Cordillera Blanca region.
ment can be characterised as a “quasi-random” event (see

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Rank
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Table 5. Results of the assessment of the susceptibility of the examined lakes (and pre-floods conditions) ranked from the highest to the
lowest for each scenario (Bold — non-zero results; please note that the zero results are listed alphabetically).

Rank Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
Lake (condition) Resulf Lake (condition) Result Lake (condition) Result Lake (condition) Result Lake (condition) Result
1. Artesoncocha (7/1951) 1.000 | Artizon Bajo 0.996 | Palcacocha (1941) 0.559 | Artizon Bajo 0.207 | Safuna Alta (1970) 0.231
2. Artesoncocha (10/1951) 1.000 | Auquiscocha 0.574 | Jancarurish 0.554 | Artesoncocha (7/1951) 0.00Q Palcacocha (1941) 0.217
3. Palcacocha (1941) 1.000 | Churup 0.553 | Safuna Alta (1970) 0.279 | Artesoncocha (10/1951) 0.000 Safuna Alta (2003) 0.147
4. Artizon Alto 0.996 | Artesoncocha (7/1951) 0.00Q Safuna Alta (2002) 0.261 | Artizon Alto 0.000 | Churupito 0.147
5. Artizon Bajo 0.985 | Artesoncocha (10/1951) 0.000 Quitacocha 0.261 | Auquiscocha 0.000| Mullaca 0.147
6. Jancarurish 0.983 | Artizon Alto 0.000 | Artesoncocha (7/1951) 0.259 | Checquiacocha 0.000 Jancarurish 0.135
7. Palcacocha (2003) 0.961 | Checquiacocha 0.000 Checquiacocha 0.243 | Churup 0.000 | Quitacocha 0.122
8. Rajucolta 0.668 | Churupito 0.000 | Artesoncocha (10/1951) 0.225 | Churupito 0.000 | Llaca 0.072
9. Llaca 0.651 | Ishinca 0.000 | Churupito 0.225 | Ishinca 0.000 | Ishinca 0.067
10. Tararhua 0.643 | Jancarurish 0.000| Artizon Bajo 0.205 | Jancarurish 0.000| Checquiacocha 0.034
11. Quitacocha 0.624 | Lake no.513 0.000| Tararhua 0.089 | Lake no.513 0.000| Artizon Bajo 0.026
12. Ishinca 0.612 | Llaca 0.000 | Artizon Alto 0.000 | Llaca 0.000 | Palcacocha (2003) 0.026
13. Safuna Alta (1970) 0.604 | Mullaca 0.000 | Auquiscocha 0.000| Mullaca 0.000 | Artesoncocha (7/1951) 0.025
14. Safuna Alta (2002) 0.589 | Palcacocha (1941) 0.000 Churup 0.000 | Palcacocha (1941) 0.000 Rajucolta 0.025
15. Checquiacocha 0.574 | Palcacocha (2003) 0.00Q Ishinca 0.000 | Palcacocha (2003) 0.00Q Artesoncocha (10/1951) 0.019
16. Churupito 0.553 | Quitacocha 0.000| Lake no.513 0.000| Quitacocha 0.000| Tararhua 0.016
17. Auquiscocha 0.500 | Rajucolta 0.000 | Llaca 0.000 | Rajucolta 0.000 | Artizon Alto 0.000
18. Mullaca 0.48 Safuna Alta (1970) 0.000| Mullaca 0.000 | Safuna Alta (1970) 0.000| Auquiscocha 0.000
19. Churup 0.423 | Safuna Alta (2002) 0.000| Palcacocha (2003) 0.000 Safuna Alta (2002) 0.000| Churup 0.000
20. Lake no. 513 0.378 | Tararhua 0.000| Rajucolta 0.000 | Tararhua 0.000| Lake no.513 0.000
06 0,25
05
02
204 e by mesnanom of Sconate 3 3
H (or foregiong Scenario 1) 2015
LRy s i e o procuced,
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Figure 9. Assessed lakes and their potential for Scenario 3 rankedrigure 10. Assessed lakes and their potential for Scenario 4 ranked
from the highest to the lowest (please note that the empty columndrom the highest to the lowest (please note that empty columns rep-
represent lakes with a zero potential for this scenario; the results foresent lakes with a zero potential for this scenario; the results for
particular lakes are listed in Table 5). particular lakes are listed in Table 5).

Scenario 3: the results of the potential for dam failure condition) with a potential of 0.207 (Fig. 10). This lake pro-
following fast slope movement into the lake reliably iden- duced a GLOF in this way in 2012. No other lake from the ex-
tified the dam failures of Lake Palcacocha in 1941 (potentialamined lakes is susceptible to this scenario (there are no lakes
0.559) and Lake Jancarurish in 1951 (potential 0.554; sesaignificant in size situated upstream of the assessed moraine-
Fig. 9). The remaining two dam failures of Lake Arteson- dammed lakes). The presented method reliably identifies the
cocha reached a substantially lower potential (0.259 andake susceptible to outburst floods in this case. As in the
0.225) than the potentials reached by lakes which have notase of Scenario 2, the low number of examined events (dam
produced GLOFs yet (Quitacocha, Checquiacocha). We infailures following this mechanism) has to be considered,
terpret these lakes as being susceptible to dam failure folwith the Artizon 2012 event being the only well-documented
lowing fast slope movement into the lake. It is important to event of Scenario 4 from the Cordillera Blanca region.
realise that dam erodibility (a component of this scenario) is Scenario 5: lake with a higher potential for Scenario 5 was
quite a complex issue, which is always estimated with a de-also identified successfully (Fig. 11). The only case of this
gree of uncertainty and approximation when the assessmerstcenario from the examined events (piping of Lake Safuna
is based on remotely sensed photos and DTMs (topographiAlta after a strong earthquake in 1970) reached the highest
cal maps) without any field survey. If we take this fact into potential of 0.231, followed by the condition of Lake Pal-
the account then the provided results are quite representativeacocha before the 1941 outburst with a potential of 0.217.

Scenario 4: our investigation showed that the only lakeAfterwards there was a significant decrease in potential, with
susceptible to Scenario 4 is Lake Artizon Bajo (its pre-flood the third position being occupied by the pre-flood condition
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02 in particular to the limited demand on input data (assump-
tion of repeatability and reproducibility). In addition some

* thresholds needed to be estimated artificially and partly sub-
jectively, based on expert experience and opinion (e.g. con-

e alreadly procluced
GLOFs by mechanism of Scenario 5

produced stant 0.05 in E@8). In these cases, more detailed investiga-

lakes which have already pro
GLOFs by another mechanism . ; . .
= lakes whichhave oty produced tion for more precise estimation of these thresholds should be
performed in the future (see the recommendation for the fu-
I I T

W lakes which have

o
o

Potential for Scenario 5
°

o
°
]

ture research in Sect. 5). Manual assessment of certain char-
acteristics such as dam type is also needed in the presented
method (see also method limitations in Sect. 4.4).

0
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Figure 11. Assessed lakes and their potential for Scenario 5 ranked*-2 ~ Interpretation of results

from the highest to the lowest (please note that the empty columns | . . L .
represent lakes with a zero potential for this scenario; the results foft 1S h'gh'y important not to misinterpret the obtained re-
particular lakes are listed in Table 5). sults with regard to the character of the presented method.

Therefore, we would like to emphasise that the presented
method provides information about the susceptibility of a

of the Safuna Alta 2003 event as well as lakes Churupito angarticular glacial lake to outburst floods. Potentials for five

Mullaca. different scenarios of GLOFs, which have been previously
recorded in the studied region, are assessed. On the other
3.3.3 Lakes susceptible to outburst floods hand, the presented method does not reflect any other pos-

sible GLOF scenario (e.g. dam failure following melting of
Based on a comparison of the results obtained from the aspyried ice reported from mountain ranges of Central Asia;
sessment of susceptibility of 10 pre-flood conditions of lakes|yes et al., 2010; Richardson and Reynolds, 2000b). The pre-
which have already produced GLOFs and 10 conditions ofsented method also does not take into account the magnitude
lakes which have not yet produced GLOFs, we recommencf potential outburst floods (as well as, for example, the vol-
interpreting “lakes susceptible to outburst flood” as lakesyme of potential fast slope movement into the lake) or down-
which reach more than 0.9 in Scenario 1, more than 0.5 irbtream impacts (downstream hazard assessment)_
Scenario 3; or more than 0.2 in Scenario 5. In the case of Sce-
narios 2 and 4, we recommend using the above-mentioned.3 Potential sources of errors
values depending on the most likely scenario of a GLOF
originating from an upstream situated lake. The relativelyt is not possible to exactly predict the behaviour of the

low number of examined events should also be taken intccomplex Earth system with the current state of knowledge
consideration. and analogically the occurrence of GLOFs cannot be ex-

actly predicted because this question is also highly com-
plex. We are able to modify the spatial component or time

4 Discussion component of the assessment but we are not able to refine
both of these components simultaneously. This fact is con-
4.1 Method construction, decision trees and nected with the so-called “quasi-randomness” of the trigger-
calculations ing events, e.g. spatio-temporal occurrence and magnitude of

. . . fast slope movements, spatio-temporal occurrence and mag-
In order to provide an easily repeatable and reproducibl&,iy,qe of earthquakes and occurrence of extreme weather
methodological concept for assessing the susceptibility of &O'Connor et al., 2001). The quasi-randomness and com-
greater number of glacial lakes to outburst floods withouty|eyiny of GLOF occurrence thus limit the reliability of each
the need for field survey (based on remotely sensed datgnethqd, including the presented one, and represent a poten-
DTMs and/or topographical maps), it was necessary t0 progja| source of errors. On the other hand, modification of all
vide a clear and instructive guide (represe_nted by decisionyt ihe existing approaches and particular methods for use
trees), where all of the thresholds are defined and thus thg, 5 regional scale is an attractive scientific challenge. Be-
room for doubt during assessment is limited as much as pOSgjge the quasi-randomness and partial unpredictability of the
sible. Therefore, it is .clea.r .tha_t some simplifications ”eeqedcomplex Earth system behaviour, potential sources of errors
to be done. These simplifications are connected especially e especially connected to the acquisition and interpretation
to the schematic description of the GLOF mechanisms (sceg input data. Therefore, we recommend using comprehen-
narios); on the other hand, all of these scenarios have presye and uniform input data, if possible.
viously been described from the study area and they are not
artificial. Also, several of the equations used in the calcula-
tions are schematic or simplified (e.g. Egs. 10, 11, 14) due
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4.4 Potentials and limitations of the presented method retreat, the threat of GLOFs is actually increasing. Reliable
identification of the threat and assessment of the susceptibil-
In comparison with existing methods for assessing suscepity of glacial lakes to outburst floods is a necessary step in
tibility of glacial lakes to outburst floods, we feel that the risk management and is a basic precondition for the appli-
potentials of the presented method are as follows: cation of effective mitigation tools. In this paper, a new and

. . easily repeatable method for assessing the susceptibility of
a. repeatability, which allows both retrograde, prege_n_t andfglacial lakes to outburst floods within the Cordillera Blanca
also near-future assessment of the susceptibility o

: : .7 . “region is presented. In contrast with existing methods, this
glacial lakes to outburst floods and their evolution in . . .
fime- regionally focused method is based on an assessment of five

' separate potentials for five different GLOF scenarios, which
b. reproducibility, which allows different observers to gain nave been recorded in the studied region. Assessment of pre-

equal results using the same input data; GLOF conditions of lakes which have produced GLOFs in
the past and a comparison of these results with an assess-
c. the principle of multiple results, which allows the most ment of lakes which have not produced GLOFs yet showed
likely GLOF scenario for each lake to be identified and that this method has great potential for identifying the most
allows characteristics which do not play a role in a spe-likely GLOF scenario for a particular lake and also for identi-
cific case to be omitted (scenarios, decision trees). fying the most susceptible lake(s) within a group of lakes for

each scenario. A distinction between lakes which have al-

On the other hand, the presented method also has certain "”Péady produced GLOFs from those which have not was suc-
itations, which mainly result from the type of construction of ceqqf )| in all five scenarios. We believe that the presented

the method (see Sect. 4.1). These are method will serve as an integrated methodological concept
a. a compromise between the demands on input data ofor repeated assessment of the susceptibility of glacial lakes

the one hand and repeatability, reproducibility and theto outburst floods within the'CordiIIera Blanca region.
relevance of the obtained results on the other hand; For future work we especially recommend:

a. amore detailed investigation for more precise specifica-
tion of thresholds and calculations, based on an analysis
of previous GLOFs as well as a field survey (geophysi-
cal measurements for estimating the stability of moraine
slopes, measurements elucidating the internal structure

b. the need for a partial manual assessment (especially for
qualitative discrete characteristics such as a distinction
between different types of dams, identification of evi-
dence of piping or type of remedial work)

c. time-consuming acquisition of input data for a higher of moraine dams, etc.);
number of assessed lakes (17 characteristics needed for . . :
each lake). b. extension of the method for all types of high-mountain

lakes (especially for the landslide-dammed lakes which
45 Applicability in other regions have reached significant volumes in the studied region);

an inventory and semi-automatic assessment of the sus-
ceptibility of lakes of a significant size within the
Cordillera Blanca region to outburst floods, based on the
usage of GIS;

The presented method only takes into account the causes®
and mechanisms of GLOFs recorded within the Cordillera
Blanca of Peru and was also verified on the lakes (events)
of this mountain range. From this point of view, the pre-
sented method is characterised as being regionally focused; . flood modelling for the lakes with the highest suscepti-

nevertheless, the procedure of method verification is gen- bility to outburst floods, delimitation of potentially af-
erally transferable to other high-mountain regions world- fected areas downstream:

wide. For use in other regions, we recommend verifying the

method based on an analysis of the previous events (GLOFs) €. implementation of effective outburst floods hazard
recorded in the given region and potentially re-evaluating the ~ (risk) management tools (both active and passive mit-
thresholds determining the susceptibility of the lakes to out-  igation measures).

burst floods.

The Supplement related to this article is available online
5 Conclusions and future work at doi:10.5194/hess-18-3461-2014-supplement

Glacial lake outburst floods (GLOFs) are highly important
fluvial-gravitational processes, which represent a significant
threat to the inhabitants of the Cordillera Blanca region, Peru.
In these days of global climate change and subsequent glacier
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