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Abstract

One of the consequences of recent glacier recession in the Cordillera Blanca, Peru,
is the risk of Glacial Lake Outburst Floods (GLOFs) from lakes that have formed at
the base of retreating glaciers. GLOFs are often triggered by avalanches falling into
glacial lakes, initiating a chain of processes that may culminate in significant inunda-
tion and destruction downstream. This paper presents simulations of all of the pro-
cesses involved in a potential GLOF originating from Lake Palcacocha, the source
of a previously catastrophic GLOF on 13 December 1941, killing 1800 people in the
city of Huaraz, Peru. The chain of processes simulated here includes: (1) avalanches
above the lake, (2) lake dynamics resulting from the avalanche impact, including wave
generation, propagation, and run-up across lakes, (3) terminal moraine overtopping
and dynamic moraine erosion simulations to determine the possibility of breaching,
(4) flood propagation along downstream valleys; and (5) inundation of populated ar-
eas. The results of each process feed into simulations of subsequent processes in the
chain, finally resulting in estimates of inundation in the city of Huaraz. The results of the
inundation simulations were converted into flood intensity and hazard maps (based on
an intensity-likelihood matrix) that may be useful for city planning and regulation. Three
avalanche events with volumes ranging from 0.5-3 x 10° m® were simulated, and two
scenarios of 15 and 30 m lake lowering were simulated to assess the potential of mit-
igating the hazard level in Huaraz. For all three avalanche events, three-dimensional
hydrodynamic models show large waves generated in the lake from the impact result-
ing in overtopping of the damming-moraine. Despite very high discharge rates (up to
63.4 x 10°m* s'1), the erosion from the overtopping wave did not result in failure of
the damming-moraine when simulated with a hydro-morphodynamic model using ex-
cessively conservative soil characteristics that provide very little erosion resistance.
With the current lake level, all three avalanche events result in inundation in Huaraz
due to wave overtopping, and the resulting hazard map shows a total affected area
of 2.01 km?, most of which is in the high-hazard category. Lowering the lake has the
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potential to reduce the affected area by up to 35 % resulting in a smaller portion of the
inundated area in the high-hazard category.

1 Introduction
1.1 Climate impacts in the Cordillera Blanca of Peru

Atmospheric warming has induced melting of many glaciers around the world (WGMS,
2012; IPCC, 2013; Marzeion et al., 2014). The formation of new lakes in de-glaciating
high-mountain regions strongly influences landscape characteristics and represents
a significant hazard related to climate change (Frey et al., 2010; Rosenzweig et al.,
2007; Kattleman, 2003; Richardson and Reynolds, 2000). The glacier-covered area of
the Cordillera Blanca range in Peru has decreased from a Little lce Age peak of 900
to about 700 km? in 1970, 528 km? in 2003, and further decreased to 482 km? in 2010
(UGRH, 2010; Burns and Nolin, 2014). As a consequence of this glacier recession,
many glacial lakes have formed or expanded in the Cordillera Blanca that pose various
levels of Glacial Lake Outburst Flood (GLOF) risk for communities below these lakes
(Emmer and Vilimek, 2013).

The steep summits of the Cordillera Blanca are undergoing long-term slope destabi-
lization due to warming and permafrost degradation (Haeberli, 2013). Related ice and
rock avalanches are especially dangerous in connection with glacial lakes forming or
expanding at the foot of steep mountain slopes because they can trigger large waves
in the lakes and potentially lead to GLOFs (Carey et al., 2012; Haeberli, 2013). There
are many examples in the Cordillera Blanca of glacier-related incidents and catastro-
phes (Lliboutry et al., 1977; Carey, 2010; Portocarerro, 2014). A recent example in
the Cordillera Blanca is the 2010 event comprised of a nearly 0.5 million m? ice/rock
avalanche from the summit of Nevado Hualcan that fell into Lake 513 and generated
waves that overtopped the natural rock dam of the lake, producing flood waves and
debris flows that reached the town of Carhuaz (Carey et al., 2012; Schneider et al.,
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2014). Preventive lowering of Lake 513 by artificial tunnels in the 1990s, creating a free-
board of 20 m, helped avoid a major catastrophe that could have killed many people
(Reynolds et al., 1998; Carey et al., 2012; Portocarerro, 2014).

1.2 Introduction to glacial lake hazard process chain modeling

Emmer and Vilimek (2013, 2014) and Haeberli et al. (2010) have recommended that
the evaluation of glacial lake hazards be based on systematic and scientific analysis
of lake types, moraine dam characteristics, outburst mechanisms, down-valley pro-
cesses and possible cascades of processes. Changes in climate patterns are likely to
increase the frequency of avalanches as a consequence of reduced stability of per-
mafrost, bedrock and steep glaciers in the Cordillera Blanca Fischer et al., 2012). Un-
der these conditions, avalanches are the most likely potential trigger of GLOFs, acting
as the first link in a chain of dependent processes propagating downstream: (1) large
avalanche masses reaching nearby lakes, (2) wave generation, propagation, and run-
up across lakes, (3) terminal moraine overtopping and/or moraine breaching, (4) flood
propagation along downstream valleys; and (5) inundation of riverine populated areas
(Worni et al., 2014; Westoby et al., 2014b).

Few studies have attempted to simulate an entire GLOF hazard process chain in
a single modeling environment, generally limiting the number of processes consid-
ered; e.g., Worni et al. (2014) excluded avalanche simulations from their modeling
framework. Worni et al. (2014) and Westoby et al. (2014a) review typical modeling
approaches for GLOFs that involve land or ice masses falling into glacial lakes. An
approach that separately simulates individual processes predominates, where differ-
ent processes are connected by using the results of one model as the input for the
simulation of the next (e.g. Schneider et al., 2014; Westoby et al., 2014b; Worni et al.,
2014). In this paper, this approach was used to produce simulations of each process
in the chain from avalanche to inundation, ensuring that the processes were properly
depicted. The glacial lake hazard process chain simulated here includes: avalanche
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movement into a lake, wave generation and lake hydrodynamics, wave overtopping
and moraine erosion, and downstream sediment transport and inundation.

One of the most common trigger mechanisms for GLOF events in the Cordillera
Blanca, and indeed the world (Bajracharya et al., 2007; Costa and Schuster, 1988;
Richardson and Reynolds, 2000; Awal et al., 2010; Emmer and Vilimek, 2013; Em-
mer and Cochachin, 2013), is an avalanche falling into a glacial lake, generating large
waves, overtopping and possibly eroding a damming-moraine and causing a flood that
propagates downstream. Potential avalanche triggers include earthquakes, snowmelt,
heat waves, and heavy precipitation (Haeberli, 2013; Huggel et al., 2010). Physical
models of avalanche phenomena have been used to simulate the characteristic mass
movement processes, e.g., snow avalanches, rock slides, rock avalanches or debris
flows (Schneider et al., 2010). Rock-ice avalanches exhibit flow characteristics similar
to all of these processes, and the choice of an appropriate model is difficult because
available models are not able to fully simulate all of the elements of these complex
events. Schneider et al. (2010) tested the Rapid Mass Movements RAMMS model
(Bartelt et al., 2013; Christen et al., 2010), a two-dimensional dynamic physical model
based on the shallow water equations (SWE) for granular flows and the Voellmy fric-
tional rheology to successfully reproduce the flow and deposition geometry as well as
dynamic aspects of large rock-ice avalanches.

Empirical models have been developed that analytically calculate wave character-
istics (Heller and Hager, 2010), and some hydrodynamic simulations have been per-
formed for this type of problem (Worni et al., 2012; Schneider et al., 2014). Most hy-
drodynamic simulations of avalanche-generated waves use two-dimensional models
employing the shallow water equations despite the relative importance of vertical ac-
celerations that cannot be considered in 2-D shallow water schemes (Heinrich, 1992;
Zweifel et al., 2006). Fully 3-D, non-hydrostatic models, e.g., FLOW3-D (Flow Science,
2012), can simulate the important characteristics of the wave-generation, propagation
and overtopping of a terminal moraine in an avalanche-triggered GLOF and take into
account irregular lake bathymetries and geometries.
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Dynamic modeling of moraine erosion deals with tradeoffs between reliability, com-
plexity, field data demand, and computational power. Several physical processes con-
verge when natural or artificial dams fail; hydrodynamic, erosive, and sediment trans-
port phenomena, as well as movement of boulders and mechanical or slope failures
interact during dam collapses (Westoby et al., 2014a; Worni et al., 2014). The com-
bined behavior of these processes, under heterogeneous natural conditions, makes it
challenging to predict how a breach might develop, and whether a complete collapse
may occur in natural dams (Wahl, 2010; Walder and O’Connor, 1997), leading to mod-
eling simplifications when trying to simulate such phenomena.

The resulting lake outburst floods, after breaching or overtopping of the moraine,
comprise highly unsteady flows that are characterized by pronounced changes as
they propagate downstream (Worni et al., 2012). To calculate downstream inundation
caused by a GLOF event requires the simulation of debris flow propagation, since sed-
iment entrainment can cause the volume and peak discharge to increase by as much
as three times (Worni et al., 2014; Osti and Egashira, 2009). Various 2-D flow models
have been used to simulate the downstream inundation caused by a GLOF, including
BASEMENT (Worni et al., 2012), which includes sediment transport functions but no
capabilities for debris flow simulation; FLO-2-D (Mergili et al., 2011; Somos-Valenzuela
etal., 2015) and RAMMS (Schneider et al., 2014), otherwise, do account for debris flow.

As an interpretation of downstream consequences, flood hazard denotes potential
levels of threat as a function of intensity and likelihood of the arriving inundation (nor-
mally probability, but the nature of avalanche events and other processes in the hazard
chain restricts from assigning numerical probabilities). Flood intensity is determined
by the flow depth and velocity (Garcia et al., 2003; Servicio Nacional de Geologia y
Mineria, 2007). Likelihood is inversely related to magnitude, i.e., large events are less
likely to occur (low frequency) than small events (Huggel et al., 2004). Maps can be
prepared that show the level of hazard resulting from the intensity of various likelihood
events. This allows communication of the flood hazard at various locations, facilitating
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planning, regulation, and zoning based on the map while enhancing communication to
the affected community (O’Brien, 2012; USBR, 1988; FEMA, 2003).

This paper describes an analysis of the processes involved in a potential GLOF
from Lake Palcacocha in Peru and the resulting inundation downstream in the city of
Huaraz. The simulated process cascade starts from an avalanche falling into the lake
resulting in a wave that overtops the damming-moraine; the simulation continues with
potential erosion due to moraine overtopping and culminates with simulations of the
ensuing downstream flooding and inundation in Huaraz. In the following sections, the
setting of the problem is presented, followed by descriptions of the physical basis and
modeling of each of the processes in the chain. The results of each of the simulated
processes are presented, concluding with details of the potential inundation in Huaraz
and hazard implications. Mitigation alternatives are investigated through an analysis of
several lake-lowering scenarios.

2 Study area

Lake Palcacocha is located at 9°23' S, 77°22' W at an elevation of 4562 m in the Depart-
ment of Ancash in Peru (Fig. 1) and is part of the Quillcay watershed in the Cordillera
Blanca. The outlet of the lake flows into the Paria River, a tributary of the Quillcay River
that passes through the city of Huaraz. The Quillcay drains into the Santa River, the
primary river of the region. The lake had a maximum depth of 72m in 2009 and an
average water surface elevation of 4562 m (UGRH, 2009).

Climate related impacts on the Quillcay basin include rapid recession of glaciers,
resulting in increasing scarcity and worsening quality of water, shifting precipitation
patterns and increased frequency of extreme precipitation events; however, the danger
of a GLOF from Lake Palcacocha is paramount (HIMAP, 2014). A GLOF originating
from the lake occurred in 1941, flooding the downstream city of Huaraz, killing 1800
people (according to best estimates) (Wegner, 2014) and destroying infrastructure and
agricultural land all the way to the coast (Carey, 2010; Evans et al., 2009). The Waraq
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Commonwealth, a government body established by the local municipalities of Huaraz
and Independencia, was created to implement adaptation projects related to climate
change on water resources; at present, the Commonwealth is planning a GLOF early
warning system for Lake Palcacocha.

Prior to the 1941 GLOF, the lake had an estimated volume of 10 to 12 million m? of
water (Instituto Nacional de Defensa Civil, 2011). After the 1941 GLOF, the volume was
reduced to about 500000 m® (Portocarerro, 2014). Lowering the level of glacial lakes
is a common GLOF mitigation practice in the Cordillera Blanca (Portocarrero, 2014).
In 1974, drainage structures were built at the lake to maintain 8 m of freeboard at the
lake outlet, a level that at the time was thought to be safe from additional avalanche
generated waves. Nineteen years later, in March 2003, a landslide from the lateral
moraine along the lake’s southern side entered the lake, launching a diagonal wave
that traversed the lake and heavily eroded the reinforced dam. There was a small
outflow from the lake, but no serious damage occurred in Huaraz; however, the event
frightened the Huaraz city authorities. The regional government quickly repaired the
damaged structures (Portocarrero, 2014).

Lake Palcacocha continues to pose a threat, since in recent years it has grown to
the point where its volume is over 17.3 million m> (UGRH 2009). As shown in Rivas
et al. (2015, Fig. 4), the area of the lake has grown continuously from 0.16 km? in 2000
to 0.48km? in 2012. Avalanches from the steep surrounding slopes can reach the
lake directly and potentially generate waves that could overtop and possibly erode the
moraine dam, thus triggering a GLOF that could reach Huaraz (Hegglin and Huggel,
2008; Instituto Nacional de Defensa Civil, 2011). In 2010, Lake Palcacocha was de-
clared to be in a state of emergency because its increasing water level was deemed
unsafe (Diario la Republica, 2010; Instituto Nacional de Defensa Civil, 2011). Infras-
tructures at risk are spread between the lake and the city, including small houses,
a primary school, fish farms, and water supply facilities. Siphons were installed in 2011
at the lake to temporarily lower the water surface of the lake by 3—5 m providing a total
free board of about 12 m; however, further lowering of the lake to provide additional
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freeboard has been recommended (Portocarrero, 2014). Given the complexity of the
problem and lack of information, local authorities and residents of Huaraz are con-
cerned about the threat posed by the lake and have requested technical support to
investigate the impacts that a GLOF could have on Huaraz and methods to reduce
the risk. The latest risk assessment for Lake Palcacocha (Emmer and Vilimek, 2014)
has concluded that a GLOF resulting from moraine overtopping following an avalanche
into the lake is likely; however, complete moraine failure resulting from an avalanche-
generated wave is not likely, nor is moraine failure following a strong earthquake.

A recent 5m x 5m horizontal resolution Digital Elevation Model (DEM) of the Quillcay
watershed generated by airborne LIDAR and new stereo aerial photographs was de-
veloped for this work by the Peruvian Ministry of Environment (Horizons, 2013) (Fig. 1).
Bathymetric data from a 2009 survey (UGRH, 2009) were combined with the surround-
ing DEM for the lake hydrodynamic and dynamic breach simulations.

3 Methodology
3.1 Overview

The methodology presented here considers a process chain similar to Worni
et al. (2014) depicting an avalanche triggered GLOF from Lake Palcacocha to as-
sess the potential inundation in Huaraz from such an event (see Fig. 3). The simu-
lated avalanche originates from the Palcaraju glacier located directly above the lake.
When an avalanche enters the lake, depending on its size and the level of the water
surface in the lake, the resulting wave might overtop the damming-moraine and pos-
sibly initiate an erosive breaching process releasing considerable amounts of water
and debris into the Paria River and potentially inundating densely populated areas of
Huaraz downstream. The process chain from avalanche to inundation was simulated
using four models: potential avalanches were modeled using RAMMS (Christen et al.,
2010), lake wave dynamics were modeled with FLOW-3-D (Flow Science, 2012), the
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dynamic breaching process was simulated in BASEMENT (Vetsch et al., 2006), and
propagation of the flood wave downstream and inundation in Huaraz were simulated in
FLO-2-D (O’Brien, 2003).

The next sections describe each component for the framework used to simulate
the hazard process chain: avalanche simulation, wave simulation in the lake, moraine
erosion simulation, inundation simulation, and hazard identification.

3.2 Avalanche simulation

In non-forested areas, avalanches can be generated on slopes of 30-50°, and in trop-
ical areas the critical slope can be even less (Christen et al., 2005; Haeberli, 2013).
Temperate glaciers can produce ice avalanches if the slope of the glacier bed is 25°
or more, but rare cases with slopes less than 17° have occurred (Alean, 1985). The
mountains surrounding Lake Palcacocha have slopes up to 55° ; therefore, they have
a high chance of generating avalanche events. Nonetheless, it is difficult to forecast
when avalanches will occur and where the detachment zone will be located (Evans
and Clague, 1988; Haeberli et al., 2010).

The Rapid Mass Movements (RAMMS) avalanche model was used to simulate
the progression of avalanches down the mountain to the lake. RAMMS solves two-
dimensional, depth-averaged mass and momentum equations for granular flow on
three-dimensional terrain using a finite volume method (Christen et al., 2010; Bartelt
et al.,, 2013). The inputs for the model include: (1) terrain data (a DEM, described
above), (2) fracture height, (3) the avalanche release area; and (4) friction parameters.
Descriptions of input parameters (2)—(4) and the criteria used to determine their values
are given in the following paragraphs. RAMMS computes the velocity of the avalanche,
the distance of the runout, the pressure distribution, and the height of the avalanche
front at different locations below the initiation point.

For the elevation of the Palcaraju glacier above Lake Palcacocha, the potential frac-
ture type is expected to be a slab failure or type | fracture as defined by Alean (1985).
Huggel et al. (2004) suggest that ice avalanches in slab failures are produced in small
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and steep glaciers with thicknesses between 30 to 60 m. Alean (1985) shows exam-
ples of slab failure with thicknesses ranging from 19 to 35 m and volumes ranging from
1 to 11 millionm®. The avalanche above Lake 513 that occurred in 2010 is an exam-
ple of this type of failure (Schneider et al., 2014). Following these precedents, fracture
heights of 25, 35 m and 45 m were selected for simulating the small, medium and large
avalanches respectively.

Huggel et al. (2004, Eq. 5) derived a regression equation between average glacier
slope (tan a) and avalanche volume from observations of large ice avalanches world-
wide. The terrain in the avalanche source areas above Lake Palcacocha has slopes
between 20-35° at elevations of 5000-5300 m. The regression equation leads to a vol-
ume of almost 3 x 10° m® when evaluated for a slope of 20° and 0.5 x 10° m® for 25°.
The slopes above 5300 m are greater than 35°, so avalanches originating from higher
elevations are expected to be smaller. Three avalanche volumes are considered in this
work, 0.5 x 10° m® (small), 1 x 10°m?® (medium) and 3 x 10°m?® (large). These potential
avalanche volumes are consistent with the elevations and slopes of the source area.
The release area (shown in Fig. 2) was located at an elevation of 5200 m to the north
east of the lake following the main axis of the lake.

The friction parameters required by the RAMMS model are (1) the density of the
rock and ice (p, in kg m'3), (2) the Coulomb-friction term (p), and (3) the turbulent
friction parameter (¢) (Bartelt et al., 2013). The Coulomb-friction term with a dry surface
friction dominates the total friction when the flow is relatively slow, and the turbulent
friction parameter tends to dominate when the flow is rapid, as is the case with the
avalanches considered here (Bartelt et al., 2013; Christen et al., 2010, 2008). The
friction parameter values used in the RAMMS avalanche model are: ¢ = 1000m s,
u=0.12 and p = 1000kg m'3, values similar to those used to model the avalanche
into Lake 513 (Schneider et al., 2014).
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3.3 Lake simulation

Impulse waves resulting from the impact of an avalanche with the lake were simulated
with a three-dimensional hydrodynamic model, FLOW-3-D (Flow Science, 2012). Much
of the work in impulse wave generation, propagation and run-up has been focused on
empirical models that replicate wave characteristics based on laboratory observations
(Kamphuis and Bowering, 1970; Slingerland and Voight, 1979, 1982; Fritz et al., 2004;
Heller and Hager, 2010). There have been a few studies that perform numerical sim-
ulations of wave generation and propagation of slide-generated waves, but most are
still limited to simplified cases and two-dimensional simulations employing the SWE
(Rzadkiewicz et al., 1997; Biscarini, 2010; Cremonesi et al., 2011; Ghozlani et al.,
2013; Zweifel et al., 2006). However, the 2-D SWE do a poor job of representing wave
generation and propagation because vertical accelerations cannot be neglected for
slide-generated waves (Heinrich, 1992; Zweifel et al., 2006). Analytical calculations of
wave runup and overtopping typically consider regular or simplified lake geometries
(e.g., uniform water depth and constant slope of the terminal moraine) that do not
necessarily hold true in natural reservoirs (Synolakis, 1987, 1991; Muller, 1995; Liu
et al., 2005). Lake Palcacocha is very deep near the glacier with depths up to 72m,
but the last several hundred meters adjacent to the terminal moraine are very shal-
low with depths mostly less than 10 m (Fig. 4). This discontinuous lakebed geometry
significantly affects wave propagation and runup, making a hydrodynamic simulation
necessary to represent the potential overtopping of the terminal moraine.

To overcome the limitations of analytical methods such as Heller and Hager (2010)
in representing wave propagation, run-up and overtopping of the moraine, the three-
dimensional hydrodynamic model FLOW-3-D (Flow Science, 2012) was used to sim-
ulate the dynamics of avalanche-generated waves in Lake Palcacocha. The FLOW-
3-D model grid used 400, 150, and 100 grid cells covering distances of 2400, 800,
and 650m in the x, y, and z directions, respectively. The RNG turbulence model with
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a dynamically computed mixing length and a fully three-dimensional, non-hydrostatic
numerical scheme was used in the FLOW-3-D simulations.

The transfer of mass and momentum from the avalanche to the lake upon impact
and the subsequent wave generation and propagation were simulated in FLOW-3-D
by representing the avalanche as a volume of water equivalent to the avalanche vol-
ume that flows into the lake from the terrain above. Worni et al. (2014) and Fah (2005)
approach the problem in the same way, simulating water instead of avalanche mate-
rial. The density of the mixture of snow, rock and ice present in an avalanche is very
close to the density of water (Schneider et al., 2014). Although the viscosities of the
two fluids are different, this approximation of substituting water for the avalanche fluid
is handled through adjustments in the model that compensate for any reduction in dis-
sipation of energy due to the lower viscosity of water. To accomplish this, the results
of the RAMMS avalanche model were used as calibration parameters; the depth of the
avalanche fluid volume and height above the lake at which it is released were iteratively
adjusted in FLOW-3-D until the velocities and depths of the avalanche fluid volume en-
tering the lake matched the characteristics of the avalanche modeled in RAMMS. As
long as the mass and momentum of the material hitting the lake in FLOW-3-D is sim-
ilar to that of the RAMMS simulated avalanche, the initial displacement wave should
behave similarly as well; the water in the lake is pushed by the incoming avalanche,
but the avalanche material does not reach the moraine, and the displaced wave is
what propagates across the lake. Differences may arise for reflected waves since the
avalanche material might settle in a different way over the lake’s bed according to the
avalanche properties (water representing avalanche material is more free to flow in the
lake than actual rock-ice avalanche material). The primary output from the model is
a hydrograph of wave overtopping discharge, if there is any, that is used as input to the
downstream inundation model discussed later.
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3.4 Moraine erosion simulation

Previous attempts at predicting outflow from potential failures of the Lake Palcacocha
moraine have assumed, from a conservative risk perspective, that total or partial col-
lapse of the moraine is possible (Somos-Valenzuela et al., 2014; Rivas et al., 2015). Al-
though the history of GLOFs presents cases of large-scale breaches in diverse glacial
settings, whether a total collapse at Lake Palcacocha is physically possible remains an
unanswered question. To drain most of its impounded water, Lake Palcacocha requires
a breach 985 m wide and 66 m deep, forming a continuous outlet at the front moraine
(Rivas et al., 2015). Similar conditions resulted in moraine failure and subsequent out-
burst floods at Queen Bess Lake (Clague and Evans, 2000), Lake Ventisquero Negro
(Worni et al., 2012), or Tam Pokhari Lake (Osti and Egashira, 2009). However, the
morphology of Lake Palcacocha possesses a set of unique characteristics that could
inhibit a large breach of its present moraine: (1) a reshaped morphology produced by
the previous 1941 GLOF event and continuing glacier retreat, with a resulting irregu-
lar lake bed as an obstacle to flow, (2) a well-defined and curved outlet channel; and
(3) a terminal moraine that resembles a long crested dam with an average width-to-
height ratio of 14.9 (Rivas et al., 2015). Huggel et al. (2002, 2004) note that glacial
lake damming-moraines with large width—height ratios (> 1.0) are much less vulnera-
ble to overtopping and erosion by excess overflow or displacement waves. This paper
seeks to go beyond previous work to determine the likelihood and potential magnitude
of a moraine breach through hydro-morphodynamic simulations of the erosion process
using BASEMENT.

Modeling the erosion of natural and artificial dams has been evolving since the
early 1980’s, when simple one-dimensional models based on empirical and parametric
analyses were developed to represent dam-breach processes, e.g., DAMBRK (Fread,
1988), WinDAM B (Visser et al., 2011) and HR-BREACH (Hassan and Morris, 2012;
Westoby et al., 2015). These models describe breach phenomena by defining the
rate of growth of a potential breach, then including that breach definition in a hydro-
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dynamic model (Rivas et al., 2015; Fread, 1984). Although computationally efficient,
one-dimensional models rely heavily on engineering judgment and analysis of histori-
cal failure cases; when the expected breach shape, size and growth rate are unknown,
the models offer limited reliability to predict whether there will be sufficient erosion to
produce a breach at a particular site.

Erosion analysis in this paper evolves from the methods reported by Rivas
et al. (2015), whose performance evaluation of breach models focused exclusively
on hydraulic considerations. That partial perspective sets no physical limit on breach
growth, assuming full moraine collapse is possible (worst case scenario). This work,
instead, applies a hydro-morphodynamic model to describe the dynamic moraine ero-
sion. Including this kind of analysis aims to explore the possibility of full, partial or even
null breaches according to flow characteristics but also accounts for soil and morpho-
logical properties of moraines.

Many two-dimensional sediment transport models apply a SWE numerical scheme,
in which mobile bed meshes respond to shear stresses from hydrodynamic forces, and
use empirical functions of non-cohesive sediment transport that estimate drifting, en-
trainment, suspended transport, bed load transport, and deposition of sediment. These
models could potentially simulate the moraine erosion process considered here. Mod-
els such as IBER (Bladé et al., 2014), Delft3-D (operated as a 2-D model) (Deltares,
2014) and BASEMENT (Vetsch et al., 2014) follow this scheme, and of these models,
only BASEMENT is able to account for slope collapse as erosion occurs and meshes
change. BASEMENT has been implemented here to explore the possibility of moraine
erosion resulting from an overtopping wave.

Overtopping waves are potential triggers that might cause erosion of the termi-
nal moraine at Lake Palcacocha. Under wave transport conditions, vertical acceler-
ations play an important role in both water and sediment advection, influencing how
overtopping waves might cause erosion and possible failure of the moraine. Three-
dimensional models can efficiently simulate flow phenomena when those vertical ac-
celerations are relevant. However, coupled erosion simulations requiring additional
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hydro-morphodynamic functions possess additional challenges in three-dimensional
modeling. Several models combine three-dimensional numerical schemes (solving
the Navier—Stokes equations) with sediment transport formulations, including Delft3-
D (Deltares, 2014), FLOW-3-D (Flow Science, 2014) and OpenFoam (Greenshields,
2015). Flow-3-D (Wei et al., 2014) and OpenFoam (Liu and Garcia, 2008) use the VoF
(Volume of Fluid) technique to describe the solid—fluid interface, representing sediment
beds as an additional fluid in multi-phase schemes. This approach seems successful
for applications where the erodible bed remains submerged throughout the entire sim-
ulation or under steady flow conditions, but stability problems arise for cells exposed
to drying and wetting periods (non-continuous submergence). Delft 3-D avoids these
stability issues by using a flexible mesh instead of a multi-phase approach to simulate
changes due to erosion or deposition. The model, however, has limitations in represent-
ing fluid regions disconnected from boundaries (e.g., Lake Palcacocha at the center of
the simulation domain, with no initial connection to the outlet downstream boundary
and intermittent wetting and drying periods across the domain).

Worni et al. (2012) used BASEMENT to reproduce historic overtopping driven
failures in Lake Ventisquero Negro. Despite the limitations of the BASEMENT two-
dimensional SWE scheme, results show good agreement with the limited field data
available, at least in terms of final breach dimensions. In this paper, BASEMENT was
used for hydro-morphodynamic simulations of potential erosion-driven breach-failures
at Lake Palcacocha. To overcome the two-dimensional SWE limitations of BASEMENT,
results of three-dimensional hydrodynamic lake and overtopping wave simulations from
FLOW-3-D were used as calibration parameters. This approach aims to provide a rea-
sonable approximation of the results from a three-dimensional model while offering
more computationally efficient assessments of erosion and breach scenarios.

The relevant regions of the FLOW-3-D model, where fluid motion influences erosion
and breach-growth, are located near the moraine crest and downstream in the outlet
channel. Through a calibration procedure, the BASEMENT model was forced to repli-
cate the hydrodynamic conditions of the FLOW-3-D wave model. This was achieved by
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forcing momentum fluxes (that are dissipated further downstream) at the inflow bound-
ary of the BASEMENT model to be unrealistically high. By adjusting energy slopes at
the upstream boundary, momentum inflow was iteratively increased until flow proper-
ties (mass and momentum fluxes) match the results from full three-dimensional simu-
lations according to hydrographs of discharge and velocity at the crest of the artificial
dam. This procedure aims to guarantee that BASEMENT can properly model mass
transport from wave phenomena despite the limitations of the two-dimensional SWE
simulations.

BASEMENT applies empirical functions to estimate erosion and deposition rates
taking place under the influence of flows from overtopping waves. Erosion resistance
comes from soil properties and the morphology of the bed. We have applied a hypothet-
ical set of worst-case soil conditions, intentionally decreasing the erosional strength in
the Lake Palcacocha moraine. The logic of this approach is that if breach simulations
show no moraine collapse under the worst possible conditions observed in the field,
such collapse is unlikely to occur in real settings, where the total soil matrix may con-
tain soil that is more erosion resistant. This approach also seeks to overcome a lack
of independent erosion measurements, which makes any attempt at calibration and
further refinement of the breach model impossible.

The bed load transport is modeled with the single-grain Meyer-Peter and Muller
(1948) (MPM) model, which automatically discards any erosion resistance from hiding
and armoring processes occurring in multi-grain matrixes (Ashida and Michiue, 1971;
Wu et al., 2000). Correction factors to account for under- or over-prediction of the rate
of bed load transport in the MPM model range from 0.5 for low transport of sands and
gravels to 1.7 for high transport cases (Fernandez and Van Beek, 1976; Ribberink,
1998; Wong and Parker, 2006). A bed-load factor of 2.0 is used here, characterizing
high sediment transport conditions. Table 1 displays the set of sediment and slope fail-
ure characteristics used to build the Lake Palcacocha hydro-morphodynamic model in
BASEMENT. According to field data, coarser soils (dsy ~ 19 mm) predominate at the
walls of the outlet channel left by the 1941 GLOF at Lake Palcacocha (Novotny and
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Klimes, 2014) where most of the outburst water would flow in a potential future event.
In agreement with the proposed hypothetical worst-case soil condition, a grain size of
dso = 1 mm is assumed, representing characteristics of upper layer soils that may lead
to significant underestimation of erosion resistance.

3.5 Inundation simulation

One-dimensional models based on the St. Venant equations have been used to model
the downstream flood wave propagation of a GLOF. These models typically use the
step-backwater procedure, and cross-sectional averaged velocity and discharge (West-
oby et al., 2014a). Examples of this type of model include Klimes et al. (2013) who
used HEC-RAS (USACE, 2010) to reproduce the 2010 GLOF from Lake 513 in Peru;
Cenderelli and Wohl (2003) who used HEC-RAS to reproduce steady-state aspects
of GLOFs in the Khumbu region of Nepal; Byers et al. (2013) who used HEC-RAS
to model a potential GLOF from Lake 464 in the Hongu valley of Nepal; Meon and
Schwarz (1993) who used DAMBRK (Fread, 1988) to model a potential GLOF in the
Arun valley of Nepal; and Bajracharya et al. (2007) who used FLDWAV (NWS, 1998) to
model a potential GLOF from Imja Lake in Nepal. Two-dimensional models based on
the depth-averaged SWE are often used to model downstream impacts of GLOFs since
many of them are capable of simulating debris entrainment from the moraine-dam and
valley floor and the subsequent alteration in the flow rheology (Westoby et al., 2014a).
Examples of applying this type of model include Worni et al. (2012) who used BASE-
MENT to model flood propagation from a GLOF at Shako Cho Lake in India; Schneider
et al. (2014) who used RAMMS to model debris flow from an overtopping wave from
the 2010 GLOF event at Lake 513 in Peru; Somos-Valenzuela et al. (2015) who used
FLO-2-D to model downstream inundation from a potential GLOF from Imja Lake in
Nepal; and Mergili et al. (2011) used RAMMS to simulate debris flows and FLO-2-D to
simulate floods and hyper-concentrated flows from Lake Khavraz in Tajikistan.
FLO-2-D (FLO-2-D, 2012) is used to simulate the flooding downstream of Lake Pal-
cacocha considering debris flow that incorporates sediment characteristics (dynamic
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viscosity and yield stress) as exponential functions of the sediment concentration by
volume. Although the simulation grid in FLO-2-D is two-dimensional, the flow is mod-
eled in eight directions, solving the one-dimensional continuity and momentum equa-
tions in each direction independently using a central, finite difference method with an
explicit time-stepping scheme. One of the advantages of FLO-2-D is that for flows with
high sediment concentration the total friction slope can be expressed as a function of
the sediment characteristics and the flow depth (FLO-2-D, 2012; Julien, 2010; O’Brien
et al., 1993).

Due to the steepness of the terrain below Lake Palcacocha and low cohesion of the
material from the moraine, high velocities and turbulent flows with low dynamic viscosity
and low yield stress are expected (Julien and Leon, 2000). Therefore, from the empir-
ical coefficients recommended by FLO-2-D (2012) these two sets of parameters, that
describe low yield stress and dynamic viscosity respectively, are used: a; = 0.0765,
B4 =16.9, a, = 0.0648 and B, = 6.2. Yield stress and viscosity of the flow vary princi-
pally with sediment concentration based on empirical relationships where the parame-
ters a; and B; have been defined by laboratory experiment (FLO-2-D, 2012).

Downstream of Lake Palcacocha the flood will meet huge moraines in a steep
canyon. According to Huggel et al. (2004), erosion on the order of 750 m®m~" has
been found in alpine moraines. In the Andes and Himalaya, erosion cuts can be higher
than 2000m®m™", with peak flow concentrations by volume on the order of 60-80 %.
Thus, given the uncertainties associated to the calculation of the concentration of sed-
iment, Huggel et al. (2004) recommend using an upper limit for the average flow con-
centration by volume of 50—60 %. This agrees with Schneider et al. (2014), Julien and
Leon (2000) and Rickenmann (1999) who recommend 50 % sediment concentration by
volume, which is used in this study.

For the terrain elevation, a DEM was produced for this work (Horizons, 2013). Given
the large extent of the domain, running the inundation simulations on this 5m x 5m grid
was impractical. Therefore, the FLO-2-D simulations were run on a 20m x 20m grid.
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Distributed roughness coefficient values were assigned based on land cover in the
Paria basin below Lake Palcacocha. Land cover was classified into five categories
using the normalized differential vegetation index (NDVI) from a multispectral image of
a Landsat 7 image taken on October 22, 2013 after reflectance correction and ISODATA
analysis (Chander et al., 2009; Hossain et al., 2009).

Given the lack of detailed information about the buildings and construction materials,
an area reduction factor of 20 % was applied to account for the influence of buildings
on the flow. Area reduction factors are used in FLO-2-D to reduce the flood volume
storage on grid elements due to buildings or topography (FLO-2-D, 2012). Although
FLO-2-D allows the inclusion of buildings and obstacles that can affect the inundation
trajectory, it was not clear in this work if the buildings of Huaraz are strong enough to
support the impact and, thus, deviate the flow. In some areas, especially near the river,
it is highly probable that the flow will destroy the buildings, but further from the river that
may be less likely to happen.

Flood intensity is determined by the resulting flow depth and velocity in Huaraz.
Various methods of determining the flood intensity from the flood depth and velocity
have been developed. The Austrian method (Fiebiger, 1997) uses the total energy of
flow as the indicator of intensity. The US Bureau of Reclamation (USBR, 1988) uses
a combination of depth and velocity and differentiates these for the impact on adults,
cars, and houses. The Swiss method (OFEE et al., 1997) defines intensity, independent
of the object subjected to the hazard, as a combination of depth and the product of
depth and velocity.

In this work, the Swiss method is adopted to determine flood intensity as adapted
for use in Venezuela, where intensity thresholds were calibrated with field data from
the 1999 alluvial floods in Venezuela (PREVENE, 2001; Garcia et al., 2002, 2005).
Applying this method requires simulating the different events to predict the spatially-
distributed maximum depths and velocities for each event, then transferring these re-
sults to GIS where a flood intensity map for each event is created by applying the
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intensity categorization criteria, low, medium or high (Table 2), to each grid cell in the
map.

3.6 Hazard identification

Flood hazard is a function of intensity and likelihood of an event. In this case, the event
is the process chain resulting from an avalanche falling into Lake Palcacocha. The level
of water in the lake then determines the resulting wave that may or may not overtop
the damming-moraine. To determine flood hazard, normally probability would be the
term used instead of likelihood, but there is not enough data (i.e., recorded avalanche
events) to assign probabilities to the different avalanche events and other processes
in the hazard chain; therefore, in keeping with other similar studies (e.g. Huggel et al.,
2004), a qualitative probability, or likelihood, is used. Likelihood is inversely related to
avalanche magnitude; i.e., as discussed previously, large avalanches are less likely to
occur than small avalanches. The flooding intensity for various likelihood events are
used to prepare a hazard map that will allow communication to the affected community
of the hazard at various locations and can facilitate planning, regulation, and zoning
based on the map (O’Brien, 2012).

Following Schneider et al. (2014), Raetzo et al. (2002) and Hurlimann et al. (2006)
the debris flow intensities have been classified into three classes, and an intensity-
likelihood diagram was used to denote three hazard levels (Table 3). High hazard —
people are at risk of injury both inside and outside buildings; a rapid destruction of
buildings is possible. Medium hazard — people are at risk of injury outside buildings.
Risk is considerably lower inside buildings. Damage to buildings should be expected,
but not a rapid destruction. Low hazard — people are at slight risk of injury. Slight
damage to buildings is possible. When multiple scenarios are considered, the highest
hazard value for each cell is taken to create the final hazard map (Raetzo et al., 2002).
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4 Results
4.1 Avalanche simulation

The three avalanche events (large, medium and small) were simulated in RAMMS. The
maximum heights of the avalanche material entering the lake range from 6 m for the
small avalanche to 20 m for the large avalanche, and the maximum velocities range
from 20ms™" for the small avalanche to 50ms™" for the large avalanche The RAMMS
model simulation period was 60 s. The avalanches take from 33 to 39 s to reach the lake
and the portion of the mass released that reaches the lake within the 60 s simulations
ranges from 60 to 84 % (Table 4).

4.2 Lake simulation
4.2.1 Current lake level scenario

For the three avalanche events listed in Table 2, FLOW-3-D simulations of the result-
ing wave generation, propagation and overtopping of the damming-moraine were run
with the lake at the current level of 4562 m. The wave simulations were analyzed for
maximum wave height (measured in m above the initial lake surface) and compared
to the wave heights calculated by the Heller and Hager (2010) method. Overtopping
wave discharge hydrographs were calculated at the moraine crest mid-way between
the artificial dam and the 1941 breach (Fig. 2), and these hydrographs were used as
calibration parameters for the dynamic breach model and as inputs to the downstream
inundation model. The key results are summarized in Table 2 for each avalanche, in-
cluding the overtopping volume, flow rate and wave height as the wave overtops the
damming-moraine.

As the avalanche impacts the lake, it generates a wave that propagates lengthwise
along the lake towards the damming-moraine and attains its maximum height when it
reaches the shallow portion at the western end of the lake. Although the wave heights
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from FLOW-3-D are of the same order of magnitude as those calculated from the em-
pirical method (Heller and Hager, 2010), the FLOW-3-D wave heights are all larger,
with the difference in wave heights up to 14 % (5.8 m) over the empirically calculated
wave height for the large avalanche. Lacking field measurements of lake dynamics or
overtopping hydrographs from GLOF events, it is difficult to draw any definitive con-
clusions about the accuracy of the methods. However, the FLOW-3-D simulations are
able to reproduce the avalanche characteristics of the RAMMs model as the avalanche
enters the lake and account for lake bathymetry, likely giving more accurate results
than the empirical method. In the FLOW3-D results, the maximum wave height is at-
tenuated approximately 30 % before it reaches the damming-moraine. Normally, there
would be a significant increase in wave height with the run-up against the terminal
moraine, but because of the high dissipation of energy on the western end of the lake
where it becomes shallow, this effect is somewhat lessened.

Looking in more detail at the wave propagation in the large avalanche scenario,
there are two peaks in the wave height. The initial peak is about 1/3 of the way across
the lake, corresponding to the empirical equations, and a higher peak occurs when
the wave encounters the shallow portion of the lake. This is the beginning of the run-up
process that culminates in the overtopping of the moraine, where the wave gains height
as the water depth decreases.

The wave run-up causes a significant amount of water overtopping the damming-
moraine. Figure 5 shows that the large avalanche results in an overtopping wave dis-
charge hydrograph with a peak of about 63000 m3s™ approximately 60s after the
avalanche fluid is released and a smaller peak of 6000 m®s™! due to a reflected wave
at about 200 s. The total overtopping volume was 1.8 x 10° m?® for the large avalanche
and 0.15 x 10° m® for the small avalanche (Table 2). The duration of the initial wave of
the avalanche events is about 100 s (large avalanche), 70 s (medium avalanche), and
50 (small avalanche).
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4.2.2 Lake mitigation scenarios

Two lake lowering or mitigation scenarios (with lake levels at 15 and 30 m below the
current water level) were simulated to determine the impact on the moraine overtop-
ping. Simulations for all three avalanche sizes were repeated for each lake level and
show that the overtopping wave volume as well as the peak discharge of the wave
are incrementally smaller as the lake is lowered (Table 2). Although the overtopping
volumes and peak flow rates decrease with incremental lowering of the lake, the over-
topping wave heights above the artificial dam increase. This is due to several factors.
First, as the point of avalanche impact is at a lower elevation with lowered lake levels,
there is more momentum in the avalanche fluid when it enters the lake. Secondly, the
stored volumes in the lake lowering scenarios are smaller, so the momentum transfer
to the lake per unit volume is higher, thus producing taller waves.

Although overtopping cannot be entirely prevented for the large avalanche events,
even by lowering the lake up to 30 m, the small avalanche shows no overtopping of the
terminal moraine for 30 m lake lowering, and the overtopping volume for the medium
avalanche scenario is reduced by 90 % compared to the current level scenario. Over-
topping is not avoided entirely for the 15 m lake-lowering scenario; however, the over-
topping flow rates and volumes are reduced by about 60 and 80 % for the medium and
small avalanches, respectively, for 15 m lake lowering.

4.3 Moraine erosion simulation
4.3.1 Hydrodynamic model

Dynamic simulations were made in BASEMENT using worst-case soil conditions de-
scribed above (Table 1) and the large avalanche wave dynamics to assess the erosion
and potential breach of the damming-moraine at Lake Palcacocha. The BASEMENT
simulations were compared to similar wave-moraine simulations in FLOW-3-D to vali-
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date the use of the two-dimensional BASEMENT simulations instead of the full three-
dimensional FLOW-3-D simulations for the erosion process.

Flow properties at the overtopping zones of the Lake Palcacocha damming-moraine
show good agreement between the BASEMENT and FLOW-3-D results (Table 5). The
hydrographs show a close match of the overtopping waves despite the high flow mag-
nitudes and short development time characterizing those waves. Peak flow and mo-
mentum differences are not significant, as upstream boundary adjustments forced the
models to agree for these parameters. Assessing the behavior of the whole hydrograph,
bias indexes indicate that flow or mass fluxes exhibit closer matches in comparison with
momentum fluxes. Measures of bias vary from —17.6 % for mass fluxes up to —27.3%
for momentum fluxes, showing that BASEMENT tends to underestimate flow proper-
ties, especially momentum. Considering the extreme peaks of these simulations, the
differences seem reasonable, making the corresponding BASEMENT models a good
hydrodynamic base on which to build the erosion models (see next section).

The relative agreement of the overtopping hydrographs between the BASEMENT
and FLOW-3-D models shows that it is possible to replicate reasonably well the 3-D
characteristics of avalanche-generated waves in a 2-D SWE model by exaggerating
the energy slopes of upstream boundaries (Table 4).

4.3.2 Hydro-morphodynamic model

Despite poor erosion resistance of the hypothetical soil matrix used in the simulations
of the Lake Palcacocha damming-moraine, the results from the erosion simulations in
BASEMENT with the lake at its current level indicate that a breach and total moraine
collapse is extremely unlikely to occur. Both the large and medium avalanche events
result in a no-failure outcome. Intense erosion takes place at the distal face of the
moraine, where large-avalanche waves cause significant damage. The bed elevation
of the outlet channel is lowered by up to 36 m at the distal face of the moraine; however,
this vertical erosion does not propagate backwards toward the lake. Any significant ero-
sion remains 270 m away from the lake surface with no significant erosion and deposi-
25
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tion areas occurring over the moraine crest (Rivas et al., 2015). The apparent moraine
stability seems to come from morphologic patterns the moraine geometry, not from
morphodynamic erosion resistance; the moraine does not fail in spite of its the very
erosive soil representing it in the hydro-morphodynamic model matrix. The peak flows
at the toe of the Lake Palcacocha damming-moraine (see Fig. 2) have been attenuated
to less than 50 % of the peak at the crest of the artificial dam.

The simulated scenario shows that a complete moraine failure with a large avalanche
is extremely unlikely, and any erosion that occurs as the wave passes the moraine
does not significantly affect the overtopping hydrographs. The large avalanche event
is the worst case, so if it does not fail then, it shouldn'’t fail for the medium and small
avalanche events. The results from the FLOW-3-D simulations were used as inputs to
the downstream inundation model in FLO-2-D.

4.4 Inundation simulation

Figure 1 shows the locations of 5 cross-sections downstream of Lake Palcacocha
where hydrographs are reported from the FLO-2-D simulations. Figure 6 and Table 6
show the results of the simulation of the large avalanche with the current lake level.
At cross-section 1, the hydrograph is still similar to the original hydrograph at the lake
with a high-intensity peak flow that is of relatively short duration. The flow is quickly
attenuated as it moves downstream, and the hydrograph at cross-section 2, located
just upstream of the point where the river canyon narrows and becomes steeper, has
a much lower peak than the overtopping hydrograph at the lake, but it is of longer du-
ration. This is expected because the river is relatively wide with gentle slopes between
the lake and cross-section 2.

Cross-section 4 is located at the entrance to the city of Huaraz. The peak discharge
diminishes about 40 % between the cross-sections 2 and 4. From the beginning of the
avalanche event it takes the flood wave about 1.3 h to reach this location for the large
avalanche scenario (Table 6), and the peak flow arrives shortly after. The peak flow
takes almost an hour to cross the city. The hydrograph at cross-section 5 shows the
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discharge in the Rio Santa where the flood exits the city. The peak has attenuated con-
siderably at this point, and arrives after 2.26 h. The resulting maximum flood intensities
in Huaraz are shown in Fig. 7 for the current lake level and two lake mitigation sce-
narios (15 and 30 m of lake lowering) and each of the three avalanche scenarios. The
highest intensity areas are near the existing channels of the Quillcay River and the Rio
Santa on the south side of the river.

4.5 Hazard identification

Hazard identification uses the flood intensity maps (Fig. 8) and converts them to maps
showing the hazard level at different points in the city according to the intensity-
likelihood flood hazard matrix shown in Table 3. The resulting hazard is obtained by
combining the three avalanche events into a single hazard map selecting the highest
hazard for each cell, which reflects the result of all the possible avalanche combinations
(Fig. 8).

4.6 Probable maximum inundation

The BASEMENT modeling results (see Sect. 4.3.2. hydro-morphodynamic model
above) indicate that the overtopping wave generated from the large avalanche event
does not cause sufficient erosion to initiate a breach of the moraine and release the
lake water, thus rendering a full collapse of the moraine extremely unlikely. The au-
thors consider this scenario nearly impossible given the current understanding of the
moraine conditions and the extensive modeling of the moraine using extremely ero-
sive soil characteristics. However, for the sake of providing complete information, the
probable maximum flood as a result of a full breach of the damming-moraine at Lake
Palcacocha was simulated, assuming this event is the worst possible scenario that
could conceivably occur. This probable maximum flood is estimated by modeling the
event of a full collapse of the moraine following an overtopping wave generated by
a large avalanche that erodes the moraine to the extent that the release of the lake
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water can maintain the erosion and create a full breach of the moraine. The HEC-RAS
breaching model (USACE, 2010) was used to simulate the progression of the breach-
ing process and the resulting breaching hydrograph (Rivas et al., 2015). The inflow
hydrograph for downstream simulations of this scenario was created by combining the
large avalanche overtopping wave hydrograph under current lake level conditions with
the HEC-RAS breach hydrograph.

The flood intensity resulting from this scenario is illustrated in Fig. 9. The flood hazard
is not computed since the likelihood of the medium and small avalanches generating
waves capable of eroding the moraine to the extent of initiating a breaching process
are simply too remote to consider.

5 Discussion

In this paper, each step in the hazard process chain that could lead to inundation of
Huaraz from a GLOF from Lake Palcacocha has been simulated. Of the simulation
methods used in this work, the lake hydrodynamics and moraine erosion models are
advancements beyond what has been previously reported for GLOF hazard process
chain simulations. The use of a fully three-dimensional hydrodynamic model for simu-
lating wave generation, propagation, run-up and overtopping of the damming-moraine
allows predictive modeling of the process chain through better representation of the
physical processes. Other studies (e.g., Schneider et al., 2014) have used a past event
to calibrate the models and then used those calibrations for predictive modeling of other
scenarios. When data for past events are not available, the three-dimensional model
can help overcome the limitations of two-dimensional SWE models. Better represen-
tation of the physical processes in the model (i.e., three-dimensional non-hydrostatic)
makes the models useful for predictive purposes without a heavy reliance on calibra-
tion. Modeling for predictive purposes, such as that presented in this paper, are useful
for analyzing potential GLOF impacts and mitigation strategies.
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The general lack of field data regarding actual GLOF events leads to many un-
knowns about the processes, particularly processes related to avalanches, lake dy-
namics and moraine erosion. Previous simulations of GLOFs have focused on calibrat-
ing upper-watershed processes based on post-event observations (Schneider et al.,
2014), but there is very little information on avalanche characteristics, magnitude of
avalanche-generated waves (Kafle et al., 2016), or erosive capabilities of overtopping
waves on which to base validation of these simulated processes. For that reason,
it is necessary to represent these processes more fully in simulations and minimize
the approximations used in modeling the chain of processes. In this work, this is par-
tially achieved through the use of three-dimensional simulations of lake dynamics and
a hydro-morphodynamic model to simulate the damming-moraine erosion process.

Simulations of lake dynamics with a three-dimensional non-hydrostatic model
(FLOW-3-D) and a two-dimensional SWE model (BASEMENT) indicate that the SWE
approximation is not adequate to simulate waves generated by avalanches because of
the large energy dissipation due to significant vertical accelerations. Two-dimensional
hydrostatic models may be adequate for simulating past events where calibration
parameters based on field data may be used to overcome the approximations in
the SWE model (Schneider et al., 2014), but it is important that calibration be per-
formed at appropriate points in the model to account for energy dissipation as the
wave propagates across the lake. The results from the BASEMENT simulations sug-
gest that, without careful setting and adjustment of the model's boundary conditions,
two-dimensional models might produce unrealistic results for wave driven phenomena
that underestimate the magnitude of an event. Reference simulations, like those from
three-dimensional hydrodynamic models, may help to overcome limitations on the two-
dimensional models and turn them into more flexible and efficient tools for erosion and
breach failure assessment.

The primary limitation of the lake hydrodynamic model arises from representing an
avalanche entering the lake as a volume of water, rather than a combination of rock, ice
and snow (Kafle et al., 2016). The wave model calibration method involves controlling
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the height and depth of the release area in order to influence the fluid height and veloc-
ity in the model as the avalanche enters the lake. This helps to overcome the limitations
of substituting water for the avalanche fluid mixture, but the water representation does
not dissipate the energy in the same way as the true avalanche mixture, and the mixing
of the avalanche fluid with the lake is not accurately represented in the model.

The moraine erosion simulations used an extremely conservative approach, depict-
ing the moraine as a structure with very low erosive resistance. Therefore, the resulting
moraine erosion is overestimated, i.e., erosion depth, width, length, and growth rate.
Thus, the simulations sacrifice accuracy in modeling the erosion process to gain con-
fidence in predicting the potential for moraine breaching and collapse. The erosion
simulation results suggest that the Lake Palcacocha damming-moraine has adequate
stability to resist erosion induced by large waves, since the modeled erosion does not
reach from the distal face back to the lake, which would allow the lake water to flow
through the breach and accentuate the erosion process and lead to possible moraine
failure. The main source of erosive resistance in the simulations is from the morphol-
ogy of the moraine (e.g., large width to height ratio, long crested dam, and gentle slope
of distal moraine face) and not from soil resistance. Previous qualitative assessments
of the Lake Palcacocha moraine (Emmer and Vilimek, 2013) and similar structures at
other lakes (Worni et al., 2014) assigned very low probabilities of failure of the moraine,
but did note its high susceptibility to wave overtopping. This study, however, provides
the first quantitative assessment of possible breach failure for the damming-moraine
at Lake Palcacocha, reinforcing results from the qualitative assessments by using nu-
merical simulations that account for the morphology of both the lake and moraine in
a two-dimensional modeling scheme.

The functions in BASEMENT to simulate erosion come from empirical equations of
sediment transport developed for fluvial environments. Due to their empirical nature,
the equations depend on calibration to achieve accurate results of erosion and depo-
sition rates. Worni et al. (2012) showed that BASEMENT can achieve realistic results
using soil parameters that resemble actual moraine properties. The bed-load trans-
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port model used in this paper (Meyer-Peter and Miuller, 1948) has been derived in
different forms since its first release to reverse the model’s tendency of over predicting
erosion. Newer bed-load models address this problem by applying a direct reduction
factor on resulting transport rates or adding hiding functions to account for multi-grain
soil matrixes (e.g. Ashida and Michiue, 1971; Wu et al., 2000). Additionally, the two-
dimensional limitation of BASEMENT restricts its application for problems where verti-
cal accelerations are relevant, or vertical flow distribution is not uniform. Under these
latter conditions, BASEMENT needs three-dimensional simulations to serve as calibra-
tion parameters before applying the model to predict erosion and breach formation.

The sediment concentration is an important factor in simulating the inundation in
Huaraz because it affects the volume of the flow, and consequently the depth of inun-
dation (Somos-Valenzuela, 2014). In this work, a fixed concentration of 50 % by volume
was used, which is a good upper limit according to the literature, but it may be too high
if the solid material available for erosion is not sufficient in the inundation path. Analy-
sis of sensitivity to sediment concentration was performed for the inundation in Huaraz,
assessing the effect on computed velocity and flood stage with sediment concentra-
tions of 0, 20, 30, 40 and 50 % (Somos-Valenzuela, 2014). The flood wave travel times
were very similar for all cases, and the depths increased with sediment concentration
due to the increased volumes (an increase of up to 8 m at cross-section 4 for a con-
centration of 50 % compared to no sediment). The 50 % concentration was considered
a reasonable value to use because it provides a conservative result.

The relative impacts of the GLOF process components can be seen by analyzing
the inundation in the city of Huaraz for each of the scenarios simulated. The various
avalanche sizes considered here may have the most significant impact on downstream
flood hazard. With the lake at its current level, the affected area in Huaraz for the small
avalanche scenario (0.7 km2) is approximately 35 % of the area potentially affected by
the large avalanche (2.0 km2). The other process that could significantly influence the
flood hazard in the city is the erosion of the damming-moraine. Although results from
this work indicate that a complete moraine failure is extremely unlikely, the possibility
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of a catastrophic breach cannot be categorically excluded based on existing evidence.
If such a breach were to occur, the inundated area could increase to 4.93km?, almost
246 % more than the large avalanche—no breach scenario (2 km2).

Considering the results of the lake lowering mitigation scenarios, the reduction in
hazard area in Huaraz is mostly in the high hazard zones (see Table 7). There is a 27
and 45 % reduction in the high hazard area (compared to the current lake level) when
the lake is lowered 15 or 30 m, respectively.

6 Conclusions

There is consensus among local authorities, scientists and specialists that Lake Palca-
cocha represents a GLOF risk with potentially high destructive impact on Huaraz, and
this consensus has been validated by the modeling results presented in this paper.
Huaraz previously experienced a GLOF in 1941 when the outburst from Lake Palca-
cocha killed about 1800 people (Wegner, 2014). However, there was no previous model
that assessed the potential extent of inundation given the current size of the lake. This
work used high-resolution topographic information in a two-dimensional debris flow
model of the inundation below the lake. Several avalanche magnitudes were used to
assess the range of possible inundation and hazard in Huaraz. In addition, scenarios of
based on lake lowering were simulated to determine the mitigation potential of lowering
the lake level.

This work has provided a physical analysis of all of the processes in a chain of
events from the summit to the city for a potential GLOF from Lake Palcacocha and
determined that there could be significant impacts in the city of Huaraz. This work
has demonstrated advancements in simulation methods for the lake dynamics and the
dynamic erosion process of the damming-moraine that help further our understanding
of this type of event. Based on the results of this work, it can be concluded that three-
dimensional non-hydrostatic simulations of slide-generated waves are necessary to
capture the full effects of these waves and their magnitudes at the point of overtopping.
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This study also found that the morphology of the damming-moraine at Lake Palcacocha
may be a more important factor than the soil erosion characteristics in determining the
stability of the moraine and its ability to withstand the high forces of large overtopping
waves.

The results indicate that a GLOF for a large avalanche event takes about one hour
and twenty minutes to arrive at the city (cross-section 4) after the avalanche process
starts, and the flood peak arrives two to three minutes later. The peak crosses the city
from in about 45 min, expanding to the north and south as it progresses through the
city. Based on the flood intensity, the most highly impacted areas in the city are near
the Quilcay River just to the south of the river. While the inundated areas for medium
and small avalanches are less than the affected area due to a large avalanche, there
is a significant reduction in the high intensity areas for these events. For the large
avalanche event, most of the affected area of the city has a very high hazard level for
the current lake level. With mitigation through lake lowering, the total affected area is
reduced (by around 30 % for a 30 m lowering scenario), but the greatest impact of lake
lowering is that more of the high and medium hazard zones areas are downgraded to
low hazard. The results indicate that Lake Palcacocha is dangerous if an avalanche
occurs, especially since there is no way to prevent an avalanche from falling into the
lake and overtopping waves are expected for all avalanche sizes with the lake at its
current level. The damage could be even more extensive in the extremely unlikely event
of an avalanche and moraine breach.

Based on these conclusions, it is recommended an early warning system should be
installed in the basin. This is an urgent matter because a significant area of the city
of Huaraz could be impacted by a GLOF from Lake Palcacocha, and timely warning
and evacuation of the population is the best way to prevent injuries and mortalities.
The results of this study indicate that the inundated area may be reduced through lake
lowering, and the highest likelihood event (small avalanche) produce significantly less
inundation with lake lowering. An economic analysis of mitigation alternatives should
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be undertaken to determine an optimized lake level that balances cost and potential
benefits.

Acknowledgements. The authors acknowledge the support of the USAID Climate Change Re-
silient Development (CCRD) project and the Fulbright Foundation for the support of Somos-
Valenzuela and Rivas. The support of the software developers from FLO-2-D Software, Inc.,
Flow Science, Inc., and RAMMS made much of the work reported here possible. The support
of Josefa Rojas and Ricardo Ramirez Villanueva of the IMACC project of the Peruvian Min-
istry of Environment provided valuable assistance in obtaining the new DEM of the Quillcay
watershed. Wilfred Haeberli, Alton Byers and Jorge Recharte provided valuable insights and
encouragement through the entire work. Likewise, we highly appreciate readings and feedback
on the sections of dynamic breach simulations from Adam Emmer.

References

Alean, J.: Ice avalanches: some empirical information about their formation and reach,
J. Glaciol., 31, 324-333, 1985.

Ashida, K. and Michiue, M.: An investigation of river bed degradation downstream of a dam, in:
Proc. 14th Congress of IAHR, Paris, France, 3, 247—256, 1971.

Awal, R., Nakagawa, H., Fujita, M., Kawaike, K., Baba, Y., and Zhang, H.: Experimental Study
on Glacial Lake Outburst Floods Due to Waves Overtopping and Erosion of Moraine Dam,
Annuals of Disas. Prev. Res Inst., Kyoto University, 53, 2010.

Bajracharya, B., Shrestha, A. B., and Rajbhandar, L.: Glacial lake outburst floods in the Sagar-
matha region, Mt. Res. Dev., 27, 336—-344, 2007.

Bartelt, P, Buehler, Y., Christen, M., Deubelbeiss, Y., Salz, M., Schneider, M., and Schu-
macher, L.. RAMMS: Rapid Mass Movement Simulation: a Numerical Model for Snow
Avalanches in Research and Practice, User Manual v1.5 — Avalanche, Swiss Federal In-
stitute for Forest, Snow and Landscape Research WSL, Birmensdorf, 2013.

Biscarini, C.: Computational fluid dynamics modelling of landslide generated water waves,
Landslides, 7, 117—124, 2010.

Bladé, E., Cea, L., Corestein, G., Escolano, E., Puertas, J., Vazquez-Cendon, M. E., Dolz, J.,
and Coll, A.: Iber: herramienta de simulacién numérica del flujo en rios, Rev. Int. Metod.
Numer., 30, 1-10, 2014.

34

Jladed uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD

doi:10.5194/hess-2015-512

Modeling glacial lake
outburst flood
process chain

M. A. Somos-Valenzuela
et al.

' III III


http://www.hydrol-earth-syst-sci-discuss.net
http://dx.doi.org/10.5194/hess-2015-512
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

30

Burns, P. and Nolin, A.: Using atmospherically-corrected Landsat imagery to measure glacier
area change in the Cordillera Blanca, Peru from 1987 to 2010, Remote Sens. Environ., 140,
165-178, 2014.

Byers, A. C., McKinney, D. C., Somos, M. A., Watanabe, T., and Lamsal, D.: Glacial lakes of
the Hongu Valley, Makalu—Barun National Park and buffer zone, Nepal, Nat. Hazards, 69,
115-139, 2013.

Carey, M.: In the Shadow of Melting Glaciers: Climate Change and Andean Society, Oxford
Univ. Press, New York, 2010.

Carey, M., Huggel, C., Bury, J., Portocarrero, C., and Haeberli, W.: An integrated socio-
environmental framework for glacier hazard management and climate change adaptation:
lessons from Lake 513, Cordillera Blanca, Peru, Climatic Change, 112, 733-767, 2012.

Cenderelli, D. A. and Wohl, E. E.: Flow hydraulics and geomorphic effects of glacial-lake out-
burst floods in the Mount Everest region, Nepal, Earth Surf. Proc. Land., 28, 385-407, 2003.

Chander, G., Markham, B. L., and Helder, D. L.: Summary of current radiometric calibration
coefficients for Landsat MSS, TM, ETM+, and EO-1 ALI sensors, Remote Sens. Environ.,
113, 893-903, 2009.

Christen, M., Bartelt, P., and Gruber, U.: Numerical Calculations of Snow Avalanche Runout
Distances, in: Proceedings of the ASCE International Conference on Computing in Civil En-
gineering, Paper No. 8769, 12—15 July, Cancun, Mexico, 1-12, 2005.

Christen, M., Bartelt, P,, Kowalski, J., and Stoffel, L.: Calculation of dense snow avalanches
in three-dimensional terrain with the numerical simulation program RAMMS, in: Proceedings
Whistler 2008 International Snow Science Workshop 21-27 September, Whistler, BC, 2008.

Christen, M., Kowalski, J., and Bartelt, P.. RAMMS: numerical simulation of dense snow
avalanches in three-dimensional terrain, Cold Reg. Sci. Technol., 63, 1-14, 2010.

Clague, J. J. and Evans, S. G.: A review of catastrophic drainage of moraine-dammed lakes in
British Columbia, Quaternary Sci. Rev., 19, 1763-1783, 2000.

Costa, J. E. and Schuster, R. L.: The formation and failure of natural dams, Geol. Soc. Am.
Bull., 100, 1054-1068, 1988.

Cremonesi, M., Frangi, A., and Perego, U.: A Lagrangian finite element approach for the simu-
lation of water-waves induced by landslides, Comput. Struct., 89, 1086-93, 2011.

Deltares: Delft3-D-FLOW: 3-D/2-D Modelling Suite for Integral Water Solutions, User Manual,
Deltares, Delft, 2014.

35

Jladed uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD

doi:10.5194/hess-2015-512

Modeling glacial lake
outburst flood
process chain

M. A. Somos-Valenzuela
et al.

' III III


http://www.hydrol-earth-syst-sci-discuss.net
http://dx.doi.org/10.5194/hess-2015-512
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

30

Diario La Republica: Declaran en emergencia la laguna Palcacocha en
Huaraz, 20 April 2010, available at: http://larepublica.pe/20-04-2010/
declaran-en-emergencia-la-laguna-palcacocha-en-huaraz (last access: 29 December
2015), 2010.

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

Emmer, A. and Vilimek, V.: Review Article: Lake and breach hazard assessment for moraine-
dammed lakes: an example from the Cordillera Blanca (Peru), Nat. Hazards Earth Syst. Sci.,
13, 1551-1565, doi:10.5194/nhess-13-1551-2013, 2013.

Emmer, A. and Vilimek, V.: New method for assessing the potential hazardousness of glacial
lakes in the Cordillera Blanca, Peru, Hydrol. Earth Syst. Sci. Discuss., 11, 2391-2439,
doi:10.5194/hessd-11-2391-2014, 2014.

Evans, S. G. and Clague, J. J.: Catastrophic rock avalanches in glacial environments, in: Proc.
Fifth Int. Symp. on Landslides, 2, 1153-1158, 1988.

Evans, S. G., Bishop, N. F,, Smoll, L. F.,, Valderrama-Murillo, P,, Delaney, K. B., and Oliver-
Smith, A.: A re-examination of the mechanism and human impact of catastrophic mass flows
originating on Nevado Huascaran, Cordillera Blanca, Peru in 1962 and 1970, Eng. Geol.,
108, 96-118, 2009.

Fah, R.: Numerik an der VAW: Entwicklungen und Beispiel des Triftgletschers, in: Festkollo-
quium VAW 75 JAHRE, edited by: Minor, H.-E., Versuchsanstalt fir Wasserbau, Hydrologie
und Glaziologie ETH-Zentrum, CH-8092 Zurich, 187-200, 2005.

FEMA — Federal Emergency Management Agency: Guidelines and Specifications for Flood
Hazards Mapping Partners, Appendix G, Guidance for Alluvial Fans Flooding Analyses and
Mapping, avauilable at: http://www.fema.gov/media-library/assets/documents/13948 (last
access: 29 December 2015), Washington DC, 20083.

Fernandez, R. and Van Beek, R.: Erosion and transport of bed-load sediment, J. Hydraul. Res.,
14, 127-144, 1976.

Fiebiger, G.: Hazard mapping in Austria, Journal of Torrent, Avalanche, Landslide and Rockfall
Engineering, 134, 153—-164, 1997.

Fischer, L., Purves, R. S., Huggel, C., Noetzli, J., and Haeberli, W.: On the influence of to-
pographic, geological and cryospheric factors on rock avalanches and rockfalls in high-

36

Jladed uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD

doi:10.5194/hess-2015-512

Modeling glacial lake
outburst flood
process chain

M. A. Somos-Valenzuela
et al.

' III III


http://www.hydrol-earth-syst-sci-discuss.net
http://dx.doi.org/10.5194/hess-2015-512
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://larepublica.pe/20-04-2010/declaran-en-emergencia-la-laguna-palcacocha-en-huaraz
http://larepublica.pe/20-04-2010/declaran-en-emergencia-la-laguna-palcacocha-en-huaraz
http://larepublica.pe/20-04-2010/declaran-en-emergencia-la-laguna-palcacocha-en-huaraz
http://dx.doi.org/10.5194/nhess-13-1551-2013
http://dx.doi.org/10.5194/hessd-11-2391-2014
http://www.fema.gov/media-library/assets/documents/13948

10

15

20

25

30

mountain areas, Nat. Hazards Earth Syst. Sci., 12, 241-254, doi:10.5194/nhess-12-241-
2012, 2012.

FLO-2-D: FLO-2-D PRO Reference Manual, FLO-2-D Software, Inc., Nutrioso, AZ, 2012.

Flow Science: FLOW-3-D Documentation: Release 10.1.0, Flow Science, Inc., Santa Fe, New
Mexico, 2012.

Fread, D. L.: DAMBRK: The NWS Dam-Break Flood Forecasting Model, National Weather Ser-
vice, Office of Hydrology, Silver Spring, MD, 1984.

Fread, D. L.: DAMBRK: The NWS DAMBRK Model: Theoretical Background/User Documenta-
tion, Hydrologic Research Laboratory, National Weather Service, Office of Hydrology, Silver
Spring, MD, 1988.

Frey, H., Haeberli, W., Linsbauer, A., Huggel, C., and Paul, F.: A multi-level strategy for antic-
ipating future glacier lake formation and associated hazard potentials, Nat. Hazards Earth
Syst. Sci., 10, 339-352, doi:10.5194/nhess-10-339-2010, 2010.

Fritz, H. M., Hager, W. H., and Minor, H. E.: Near field characteristics of landslide generated
impulse waves, J. Waterway Port. Coast. Ocean Eng., 130, 287-302, 2004.

Froehlich, D. C.: Peak outflow from breached embankment dam, J. Water Res. Pl.-ASCE, 121,
9097, 1995.

Garcia, R., Lépez, J. L., Noya, M. E., Bello, M. E., Gonzalez, N., Paredes, G., and Vivas, M. I.:
Hazard maps for debris and debris flow events in Vargas State and Caracas, Avila Project
Report, Caracas, Venezuela, 2002.

Garcia, R, Lopez, J. L., Noya, M. Bello, M. E., Bello, M. T., Gonzalez, N., Paredes, G., Vivas,
M. I., and O’Brien, J. S.: Hazard mapping for debris flow events in the alluvial fans of north-
ern Venezuela, in: Debris-Flow Hazards Mitigation: Mechanics, Prediction, and Assessment,
Third International Conference on Debris-Flow Hazards Mitigation: Mechanics, Prediction
and Assessment Davos, Switzerland, 10-12 September 2003, edited by: Rickenmann, D.
and Chen, C. L., Millpress, Rotterdam, 589-600, 2003.

Garcia-Martinez, R. and Lopez, J. L.: Debris flows of December 1999 in Venezuela, Chapt. 20,
in: Debris-Flow Hazards and Related Phenomena, Praxis, edited by: Jakob, M. and
Hungr, O., Springer, Berlin, Heidelberg, 519-538, 2005.

Ghozlani, B., Zouhaier, H., and Khlifa, M.: Numerical study of surface water waves generated by
mass movement, Fluid Dyn. Res., 45, 055506, doi:10.1088/0169-5983/45/5/05550, 2013.

Google Earth: Lake Palcacocha, 9.385278 S, 77.370833 W, Image date 7 January 2014.

37

Jladed uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD

doi:10.5194/hess-2015-512

Modeling glacial lake
outburst flood
process chain

M. A. Somos-Valenzuela
et al.

' III III


http://www.hydrol-earth-syst-sci-discuss.net
http://dx.doi.org/10.5194/hess-2015-512
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/nhess-12-241-2012
http://dx.doi.org/10.5194/nhess-12-241-2012
http://dx.doi.org/10.5194/nhess-12-241-2012
http://dx.doi.org/10.5194/nhess-10-339-2010
http://dx.doi.org/10.1088/0169-5983/45/5/05550

10

15

20

25

30

Greenshields, C. J.: Open Foam — The Open Source CFD Toolbox, User Guide, Open Foam
Foundation, Reading, UK, 2015.

Haeberli, W.: Mountain permafrost — research frontiers and a special long-term challenge, Cold
Reg. Sci. Technol., 96, 71-76, 2013.

Haeberli, W., Noetzli, J., Arenson, L., Delaloye, R., Gartner-Roer, I., Gruber, S., Isaksen, K.,
Kneisel, C., Krautblatter, M., and Phillips, M.: Mountain permafrost: development and chal-
lenges of a young research field, J. Glaciol., 56, 1043—1058, 2010.

Hassan, M. and Morris, M.: HR-BREACH Model Documentation, HR Wallingford Ltd, Walling-
ford, Oxfordshire, UK, 2012.

Hegglin, E. and Huggel, C.: An integrated assessment of vulnerability to glacial hazards, Mt.
Res. Dev., 28, 299-309, 2008.

Heinrich, P.: Nonlinear water waves generated by submarine and aerial landslides, J. Waterway
Port. Coast. Ocean Eng., 118, 249-266, 1992.

Heller, V. and Hager, W. H.: Impulse product parameter in landslide generated impulse waves,
J. Waterway Port. Coast. Ocean Eng., 136, 145—-155, 2010.

HIMAP — High Mountains Adaptation Partnership: Quillcay Plan de Accién Local Para la
Adaptacion al Cambio Climatico Subcuenca de Quillcay, Mancomunidad Municipal WARAQ.,
Climate Change Resilient Development Project, available at: http://pdf.usaid.gov/pdf_docs/
PAOOKNV6.pdf (last accessed: 4 October 2015), United States Agency for International De-
velopment, Washington DC, 2014.

Horizons — Horizons South America S.A.C.: Informe Técnico del Proyecto, Consultoria Para
El Levantamiento Fotogramétrico Detallado De La Sub Cuenca Del Rio Quillcay Y La Ciu-
dad De Huaraz Para El Proyecto, Implementacion de Medidas de Adaptacion al Cambio
Climatico y Gestion de Riesgos en la Sub-cuenca Quillcay (IMACC-QUILLCAY) — BID-
MINAM (PE-T 1168), Ministerio Del Ambiente A Travel Del Fonam — Administrador De Los
Recursos Del BID, Lima, Peru, 2013.

Hossain, A. K. M. A, Jia, Y., and Chao, X.: Estimation of Manning’s roughness coefficient distri-
bution for hydrodynamic model using remotely sensed land cover features, in: Proceedings
of IEEE 17th International Conference on Geoinformatics, 12—14 August, George Mason
University, Fairfax, VA, 1-4, doi:10.1109/GEOINFORMATICS.2009.5293484, 2009.

Huggel, C., Kaab, A., Haeberli, W., Teysseire, P., and Paul, F.: Remote sensing based assess-
ment of hazards from glacier lake outbursts: a case study in the Swiss Alps, Can. Geotech. J.,
39, 316-330, 2002.

38

Jladed uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD

doi:10.5194/hess-2015-512

Modeling glacial lake
outburst flood
process chain

M. A. Somos-Valenzuela
et al.

' III III


http://www.hydrol-earth-syst-sci-discuss.net
http://dx.doi.org/10.5194/hess-2015-512
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://pdf.usaid.gov/pdf_docs/PA00KNV6.pdf
http://pdf.usaid.gov/pdf_docs/PA00KNV6.pdf
http://pdf.usaid.gov/pdf_docs/PA00KNV6.pdf
http://dx.doi.org/10.1109/GEOINFORMATICS.2009.5293484

10

15

20

25

30

Huggel, C., Haeberli, W., K&&b, A., Bieri, D., and Richardson, S.: An assessment procedure for
glacial hazards in the Swiss Alps, Can. Geotech. J., 41, 1068—1083, 2004.

Huggel, C., Salzmann, N., Allen, S., Caplan-Auerbach, J., Fischer, L., Haeberli, W., Larsen, C.,
Schneider, D., and Wessels, R.: Recent and future warm extreme events and high-mountain
slope stability, Philos. T. R. Soc. A, 368, 2435-2459, 2010.

Hurlimann, M., Copons, R., and Altimir, J.: Detailed debris flow hazard assessment in Andorra:
a multidisciplinary approach, Geomorphology, 78, 359-372, 2006.

Instituto Nacional de Defensa Civil: Informe de peligro N° 003-12/05/2011/COEN-
SINADECI/15:00 horas (Informe N° 01): Peligro por aluvién en el departamento de Ancash,
Huaraz — Peru, COEN-SINADECI, 2011.

IPCC - Intergovernmental Panel on Climate Change: Climate Change: The Physical Science
Basis. Working Group | Contribution to the IPCC 5th Assessment Report, Geneva, Switzer-
land, 2013.

Julien, P. Y.: Erosion and Sedimentation, second edn., Cambridge University Press, Cambridge,
UK, 371 pp., 2010.

Julien, P. Y. and Leon, C. A.: Mudfloods, mudflows and debris flows, classification in rheology
and structural design, in: Proc. Int. Workshop on the Debris Flow Disaster 27 November—
1 December 1999, Universidad Central de Venezuela, Caracas, Venezuela, 1-15, 2000.

Kafle, J., Pokhrel, P. R., Khattri, K. B., Kattel, P., Tuladhar, B. M., and Pudasain, S. P.: Landslide-
generated tsunami and particle transport in mountain lakes and reservoirs, Ann. Glaciol., 57,
232-244, doi:10.3189/2016A0G71A034, 2016.

Kamphuis, J. W. and Bowering, R. J.: Impulse waves generated by landslides, in: Proc. 12th
Coastal Engineering Conf., 13—18 September 1970, Washington DC, ASCE, 1, 575-588,
1970.

Kattleman, R.: Glacial lake outburst floods in the Nepal Himalaya: a manageable hazard?, Nat.
Hazards, 28, 145-154, 2003.

Klimes, J., Benesova, M., Vilimek, V., Bouska, P., and Cochachin-Rapre, A.: HEC-RAS and
its significance for future hazard assessments: an example from Lake 513 in the Cordillera
Blanca, Peru, Nat. Hazards, 71, 1617—-1638, 2014.

Lliboutry, L. L., Morales-Arnao, B., Pautre, A., and Schneider, B.: Glaciological problems set
by the control of dangerous lakes in Cordillera Blanca, Peru 1: Historical failures of morainic
dams, their causes and prevention, J. Glaciol., 18, 239-254, 1977.

39

Jladed uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD

doi:10.5194/hess-2015-512

Modeling glacial lake
outburst flood
process chain

M. A. Somos-Valenzuela
et al.

' III III


http://www.hydrol-earth-syst-sci-discuss.net
http://dx.doi.org/10.5194/hess-2015-512
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.3189/2016AoG71A034

10

15

20

25

30

Liu, P. L. F, Wu, T. R., Raichlen, F., Synolakis, C. E., and Borrero, J. C.: Runup and rundown
generated by three-dimensional sliding masses, J. Fluid Mech., 536, 107—-44, 2005.

Liu, X. and Garcia, M. H.: A 3-D numerical model with free water surface and mesh deformation
for local sediment scour, J. Waterway Port. Coast. Ocean Eng., 134, 203-217. 2008.

Marzeion, B., Cogley, J. G., Richter, K., and Parkes, D.: Attribution of global glacier mass loss
to anthropogenic and natural causes, Science, 14, 919-921, doi:10.1126/science.1254702,
2014.

Mergili, M., Schneider, D., Worni, R., and Schneider, J. F.: Glacial lake outburst floods (GLOFs):
challenges in prediction and modelling, in: Proceedings, 5th International Conference on
Debris-Flow Hazard Mitigation: Mechanics, Prediction and Assessment, Padua, ltaly, 2011.

Meon, G. and Schwarz, W.: Estimation of glacier lake outburst flood and its impact on a hydro
project in Nepal, in: Snow and Glacier Hydrology, edited by: Young, G. J., IAHS Publication
No. 209, 331-340, 1993.

Meyer-Peter, E. and Miller, R.: Formulas for bed-load transport, in: Proc. 2nd Meeting, 1AHR,
Stockholm, Sweden, 39-64, 1948.

Muller, D. R.: Auflaufen and Uberschwappen von Impulswellen an Talsperren, Mitt. Nr. 137,
VAW-ETH, Zurich, 1995.

Novotny, J. and Klimes, J.: Grain size distribution of soils within the Cordillera Blanca, Peru: an
indicator of basic mechanical properties for slope stability evaluation, J. Mt. Sci., 11, 563—
577, 2014.

NWS — National Weather Service: NWS FLDWAV Model, National Oceanic and Atmospheric
Administration, Office of Hydrology, Hydrologic Research Laboratory, Silver Spring, MD,
1998.

O'Brien, J. S.: FLO-2-D User’s Manual, Version 2003.06, FLO-2-D, Nutrioso, AZ, 2003.

O’Brien, J. S.: New approaches to alluvial fan flood hazard, Chapt. 4, in: Flood Hazard Iden-
tification and Mitigation in Semi- and Arid Environments, edited by: French, R. H. and
Miller, J. J., World Scientific Publishing Co., Singapore, 62—-86, 2012.

O’Brien, J. S., Julien, P. Y., and Fullerton, W. T.: Two-dimensional water flood and mudflow
simulation, J. Hydraul. Eng.-ASCE, 119, 244-261, 1993.

O’Connor, J. E., Hardison 1ll, J. H., and Costa, J. E.: Debris Flows from Failures of Neoglacial-
Age Moraine Dams in the Three Sisters and Mount Jefferson Wilderness Areas, Oregon,
U.S. Geological Survey Professional Paper, 1606, 2001.

40

Jladed uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD

doi:10.5194/hess-2015-512

Modeling glacial lake
outburst flood
process chain

M. A. Somos-Valenzuela
et al.

' III III


http://www.hydrol-earth-syst-sci-discuss.net
http://dx.doi.org/10.5194/hess-2015-512
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1126/science.1254702

10

15

20

25

30

OFEE, OFAT, ODEFP (Switzerland) (eds.): Prise en compte des dangers dus aux cruses
le cadre des activités de 'aménagement du teritoire, Office fédéral de I'économie de
aux (OFEE), Office fédéral de I'aménagement du territoire (OFAT), Office fédéral de
'environment, des forets et du paysage (OFEFP), Bienne, Switzerland, 1997.

Osti, R. and Egashira, S.: Hydrodynamic characteristics of the Tam Pokhari Glacial Lake out-
burst flood in the Mt. Everest region, Nepal, Hydrol. Process., 23, 2943—-2955, 2009.

Portocarrero, C.: Reducing risk from dangerous glacial lakes in the Cordillera Blanca, in: Tech-
nical Report: The Glacial Lake Handbook, edited by: Armstrong, B. et al., High Mountains
Adaptation Program, United States Agency for International Development, Washington DC,
2014.

PREVENE: Contribution to “Natural” Disaster Prevention in Venezuela, Cooperation:
Venezuela—Switzerland—PNUD, Project VEN/00/005, 2001.

Proyecto Multinacional Andino: Geociencias para las Comunidades Andinas. Movimientos en
Masa en la Regién Andina: Una guia para la evaluacién de amenazas, Publicacion Geoldg-
ica Multinacional, No. 4, Servicio Nacional de Geologia y Mineria, 432 p., 2007.

Raetzo, H., Lateltin, O., Bollinger, D., and Tripet, J. P.: Hazard assessment in Switzerland —
codes of practice for mass movements, B. Eng. Geol. Environ., 61, 263-268, 2002.

Reynolds, J. M., Dolecki, A., and Portocarrero, C.: The construction of a drainage tunnel as
part of glacial lake hazard mitigation at Hualcan, Cordillera Blanca, Peru, Geological Society,
London, Engineering Geology Special Publications, 15, 41-48, 1998.

Ribberink, J. S.: Bed-load transport for steady flows and unsteady oscillatory flows, Coast.
Eng., 34, 59-82, 1998.

Richardson, S. D. and Reynolds, J. M.: An overview of glacial hazards in the Himalayas,
Quatern. Int., 65/66, 31-47, 2000.

Rickenmann, D.: Empirical relationships for debris flows, Nat. Hazards, 19, 47—77, 1999.

Rivas, D. S., Somos-Valenzuela, M. A., Hodges, B. R., and McKinney, D. C.: Predicting out-
flow induced by moraine failure in glacial lakes: the Lake Palcacocha case from an uncer-
tainty perspective, Nat. Hazards Earth Syst. Sci., 15, 1163-1179, doi:10.5194/nhess-15-
1163-2015, 2015.

Rosenzweig, C., Casassa, G., Karoly, D. J., Imeson, A., Liu, C., Menzel, A., Rawlins, S,
Root, T. L., Seguin, B., and Tryjanowski, P.: Assessment of observed changes and responses
in natural and managed systems, in: Climate Change 2007: Impacts, Adaptation and Vulner-
ability. Contribution of Working Group Il to the Fourth Assessment Report of the Intergov-

41

Jladed uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD

doi:10.5194/hess-2015-512

Modeling glacial lake
outburst flood
process chain

M. A. Somos-Valenzuela
et al.

' III III


http://www.hydrol-earth-syst-sci-discuss.net
http://dx.doi.org/10.5194/hess-2015-512
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/nhess-15-1163-2015
http://dx.doi.org/10.5194/nhess-15-1163-2015
http://dx.doi.org/10.5194/nhess-15-1163-2015

10

15

20

25

30

ernmental Panel on Climate Change, edited by: Parry, M. L., Canziani, O. F.,, Palutikof, J. P,
van der Linden, P. J., and Hanson, C. E., Cambridge University Press, Cambridge, 79-131,
2007.

Rzadkiewicz, S. A., Mariotti, C., and Heinrich, P.: Numerical simulation of submarine landslides
and their hydraulic effects, J. Waterway Port. Coast. Ocean Eng., 123, 149-157, 1997.

Schneider, D., Bartelt, P., Caplan-Auerbach, J., Christen, M., Huggel, C., and McArdell, B. W.:
Insights into rock-ice avalanche dynamics by combined analysis of seismic recordings and
a numerical avalanche model, J. Geophys. Res., 115, F04026, doi:10.1029/2010JF001734,
2010.

Schneider, D., Huggel, C., Cochachin, A., Guillén, S., and Garcia, J.: Mapping hazards from
glacier lake outburst floods based on modelling of process cascades at Lake 513, Carhuaz,
Peru, Adv. Geosci., 35, 145—-155, doi:10.5194/adgeo-35-145-2014, 2014.

Servicio Nacional de Geologia y Mineria: PMA_GCA — Proyecto Multinacional Andino: Geo-
ciencias para las Comunidades Andinas: Movimientos en masa en la regién andina: una
guia para la evaluacion de amenazas, Publicacion Geolégica Multinacional, 4, Proyecto
Multinacional Andino, Geociencias para las Comunidades Andinas, Canada, 2007.

Slingerland, R. L. and Voight, B.: Occurences, properties and predictive models of landslide-
generated impulse waves, in: Rockslides and Avalanches, Developments in Geotechnical
Engineering 14 B, edited by: Voight, B., Elsevier, Amsterdam, 2, 317-397, 1979.

Slingerland, R. L. and Voight, B.: Evaluating hazard of landslide-induced water waves, J. Wa-
terw. Port C. Div., 108, 504-512, 1982.

Somos-Valenzuela, M. A.: Vulnerability and Decision Risk Analysis in Glacier Lake Outburst
Floods (GLOF). Case Studies: Quillcay Sub Basin in the Cordillera Blanca in Peru and Dudh
Koshi Sub Basin in the Everest Region in Nepal, PhD dissertation, University of Texas at
Austin, Austin, Texas, 2014.

Somos-Valenzuela, M. A., Chisolm, R. E., McKinney, D. C., and Rivas, D. A.: Inundation Mod-
eling of a Potential Glacial Lake Outburst Flood in Huaraz, Peru, Center for Research in
Water Resources Online Report 14-01, Center for Research in Water Resources, University
of Texas at Austin, March 2014.

Somos-Valenzuela, M. A., McKinney, D. C., Byers, A. C., Rounce, D. R., Portocarrero, C., and
Lamsal, D.: Assessing downstream flood impacts due to a potential GLOF from Imja Tsho in
Nepal, Hydrol. Earth Syst. Sci., 19, 1401-1412, doi:10.5194/hess-19-1401-2015, 2015.

Synolakis, C. E.: The runup of solitary waves, J. Fluid Mechanics, 185, 523-545, 1987.

42

Jladed uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD

doi:10.5194/hess-2015-512

Modeling glacial lake
outburst flood
process chain

M. A. Somos-Valenzuela
et al.

' III III


http://www.hydrol-earth-syst-sci-discuss.net
http://dx.doi.org/10.5194/hess-2015-512
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1029/2010JF001734
http://dx.doi.org/10.5194/adgeo-35-145-2014
http://dx.doi.org/10.5194/hess-19-1401-2015

10

15

20

25

30

Synolakis, C. E.: Tsunami runup on steep slopes — how good linear theory really is, Nat. Haz-
ards, 4, 221-234, 1991.

UGRH - Unidad de Glaciologia y Recursos Hidricos: Resultado de la Batimetria - Laguna
Palcacocha, April 2009, Autoridad Nacional de Agua (ANA) de Peru, Huaraz, Peru, 2009.
UGRH - Unidad de Glaciologia y Recursos Hidricos: Area de Inventario de Glaciares y Lagu-
nas, Autoridad Nacional del Agua, Direcccion de Conservacion y Planeamiento de Recursos

Hidricos, Huaraz, Peru, 2010.

USACE - US Army Corps of Engineers: HEC-RAS River Analysis System Hydraulic Users
Manual, Version 4.1, Hydrological Engineering Center, Davis, CA, 2010.

USBR — U.S. Bureau of Reclamation: Downstream Hazard Classification Guidelines, ACER
Technical Memorandum No. 11, Denver, CO, 1988.

Vetsch, D., Siviglia, A., Ehrbar, D., Facchini, M., Gerber, M., Kammerer, S., Peter, S., Von-
willer, L., Volz, C., Farshi, D., Mueller, R., Rousselot, P., Veprek, R., and Faeh, R.: BASE-
MENT — Basement Simulation Environment for Computation of Environmental Flow and
Natural Hazard Simuation, Version 2.5, VAW, ETH Zurich, 20086.

Vetsch, D., Rousselot, P, Volz, C., Vonwiller, L., Peter, S., Ehrbar, D., Gerber, M., Faeh, R.,
Farshi, D., Mueller, R., and Veprek, R.: System Manuals of BASEMENT, Version 2.4, Labo-
ratory of Hydraulics, Glaciology and Hydrology (VAW), ETH Zurich, 2014.

Visser, K., Hanson, G., Temple, D., Lobrecht, M., Neilsen, M., Funderburk, T., and Moody, H.:
WinDAM B Earthen Embankment Overtopping Analysis Software, USDA-NRCS, Fort Worth,
TX, 2011.

Wahl, T. L.: Dam breach modeling — an overview of analysis methods, U.S. Bureau of Recla-
mation, Water Resources Research Laboratory, Denver, CO, 2010.

Walder, J. S. and O’Connor, J. E.: Methods for predicting peak discharge of floods caused by
failure of natural and constructed earthen dams, Water Resour. Res., 33, 2337-2348, 1997.

Wegner, S. A.: Lo Que el Agua se Llevé: Consecuencias y Lecciones del Aluvién de Huaraz
de 1941, Technical Note 7 of the series “Technical Notes on Climate Change”, Ministry of
Environment, Lima, Peru, 88 pp., 2014.

Wei, G., Brethour, J., Grinzner, M., and Burnham, J.: Flow-3-D Sedimentation Scour Model,
Flow Science Report 03-14, Flow Science, Santa Fe, NM, 2014.

Westoby, M. J., Glasser, N. F, Brasington, J., Hambrey, M. J., Quincey, D. J., and
Reynolds, J. M.: Modelling outburst floods from moraine-dammed glacial lakes, Earth-Sci.
Rev., 134, 137-159, doi:10.1016/j.earscirev.2014.03.009, 2014a.

43

Jladed uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD

doi:10.5194/hess-2015-512

Modeling glacial lake
outburst flood
process chain

M. A. Somos-Valenzuela
et al.

' III III


http://www.hydrol-earth-syst-sci-discuss.net
http://dx.doi.org/10.5194/hess-2015-512
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1016/j.earscirev.2014.03.009

10

15

20

Westoby, M. J., Glasser, N. F., Hambrey, M. J., Brasington, J., Reynolds, J. M., and Has-
san, M. A. A. M: Reconstructing historic Glacial Lake Outburst Floods through numerical
modelling and geomorphological assessment: extreme events in the Himalaya, Earth Surf.
Proc. Land., 39, 1675-1692, 2014b.

Westoby, M. J., Brasington, J., Glasser, N. F, Hambrey, M. J., Reynolds, J. M., Has-
san, M. A. A. M., and Lowe, A.: Numerical modelling of glacial lake outburst floods using
physically based dam-breach models, Earth Surf. Dynam., 3, 171-199, doi:10.5194/esurf-3-
171-2015, 2015.

WGMS — World Glacier Monitoring Service: Fluctuations of Glaciers 2005-2010, Vol. X,
edited by: Zemp, M., Frey, H., Gartner-Roer, I., Nussbaumer, S. U., Hoelzle, M., Paul, F,
and Haeberli, W., publication based on database version, doi:10.5904/wgms-fog-2012-
11, ICSU (WDS)/IUGG (IACS)/UNEP/UNESCO/WMO, World Glacier Monitoring Service,
Zurich, Switzerland, 336 pp., 2012.

Wong, M. and Parker, G.: Reanalysis and correction of bed—load relation of Meyer-Peter and
Mueller using their own database, J. Hydraul. Eng.-ASCE, 132, 1159—-1168, 2006.

Worni, R., Stoffel, M., Huggel, C., Volz, C., Casteller, A., and Luckman, B.: Analysis and dy-
namic modeling of a moraine failure and glacier lake outburst flood at Ventisquero Negro,
Patagonian Andes (Argentina), J. Hydrol., 444—445, 134-145, 2012.

Worni, R., Huggel, C., Clague, J. J., Schaubd, Y., and Stoffel, M.: Coupling glacial lake impact,
dam breach, and flood processes: a modeling perspective, Geomorphology, 224, 161-176,
2014.

Wu, W.,, Wang, S. S. Y., and Jia, Y.: Nonuniform sediment transport in alluvial rivers, J. Hydraul.
Res., IAHR, 38, 427-434, 2000.

Zweifel, A., Hager, W. H., and Minor, H. E.: Plane impulse waves in reservoirs, J. Waterway
Port. Coas. Ocean Eng., 132, 358—-368, 2006.

44

Jladed uoissnosiq | Jadeq uoissnosiq | Jeded uoissnosiq | Jaded uoissnosiqg

HESSD

doi:10.5194/hess-2015-512

Modeling glacial lake
outburst flood
process chain

M. A. Somos-Valenzuela
et al.

' III III


http://www.hydrol-earth-syst-sci-discuss.net
http://dx.doi.org/10.5194/hess-2015-512
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/20/1/2016/hessd-20-1-2016-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.5194/esurf-3-171-2015
http://dx.doi.org/10.5194/esurf-3-171-2015
http://dx.doi.org/10.5194/esurf-3-171-2015
http://dx.doi.org/10.5904/wgms-fog-2012-11
http://dx.doi.org/10.5904/wgms-fog-2012-11
http://dx.doi.org/10.5904/wgms-fog-2012-11

Table 1. Main parameters defining the soil matrix used in BASEMENT simulations of the Lake

Palcacocha moraine.

Morphodynamic parameter

Adopted value

Source

Sediment transport formula
Diameter d5,

Porosity

Bed load factor

Failure angle of submerged sediment
Failure angle of dry sediment
Failure angle of deposited sediment

MPM single-grain

1mm
40%
2

36.5°
77°
15°

Meyer-Peter and Muller (1948)
Novotny and Klimes (2014)

Typical value for spherical sediment
Modified from Wong and Parker
(2006)

and Worni et al. (2012)

Novotny and Klimes (2014)

Worni et al. (2014)

Worni et al. (2014)
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Table 3. Flood hazard classification.

Hazard

Intensity

Likelihood

High

Medium Low

Avalanche Size

Small

Medium

Hazard Level

Medium

Low
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Table 4. Characteristics of three avalanche events of different size as simulated in RAMMS.
Overtopping volume, flow rate and wave height for three avalanche events as simulated in

FLOW-3-D for the current lake level and three lake mitigation scenarios.

Avalanche Event

Large Medium Small
Avalanche characteristics in RAMMS
Avalanche size (1 0° m3) 3 1 0.5
Maximum depth of avalanche material at lake entry (m) 20 15 6
Maximum velocity of avalanche material at lake entry (m s7) 50 32 20
Time to reach the lake (seconds) 33 36 39
% of mass released that reaches the lake in 60s 84 72 60
0m lower
Overtopping volume (1 0° m3) 1.8 0.50 0.15
Overtopping peak flow rate (m®s™") 63400 17100 6410
Overtopping wave height above artificial dam (m) 21.7 12.0 71
15m lower
Overtopping volume (1 o° m3) 1.6 0.2 0.02
Overtopping peak flow rate (m3 3'1) 60200 6370 1080
Overtopping wave height above artificial dam (m) 38.4 275 251
30 m lower
Overtopping volume (m3) 1.3 0.05 0
Overtopping peak flow rate (m3 3_1) 48500 1840 0
Overtopping wave height above artificial dam (m) 60.8 42.5 0
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Table 5. Measures of agreement for flow properties at the overtopping zone of Lake Palca-

cocha: comparing results from BASEMENT and FLOW-3-D models.

Flow property Measure of agreement

Large avalanche

Mass Peak flow difference (%) 0.04
Bias (%) -17.6
Normalized Root Mean Squared Error (%) 249
Momentum Peak momentum difference (%) 7.3
Bias (%) -27.3
Normalized Root Mean Squared Error (%) 38.8
Energy Grade line slope (fraction per million) 140
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Table 6. FLO-2-D simulation results at cross-sections downstream of Lake Palcacocha for the

current lake level and a large avalanche.

Cross Section

Arrival Time (h)

Peak Time (h)

Peak Discharge (m®s™")

abrwWON =

0.05
0.51
0.81
1.32
2.10

0.05
0.65
0.84
1.36
2.26

39 349
3246
2989
1980

920
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Table 7. Areas of each hazard level corresponding to the current lake level and two lake miti-
gation scenarios.

Mitigation ~ Low hazard area Med. hazard area  High hazard area  Total affected area

(km®) (km?) (km?) (km?)
Omlower 0.52 0.05 1.43 2.01
15m lower  0.61 0.00 1.04 1.65
30m lower 0.61 0.00 0.79 1.40
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Table 8. Areas of flood intensity for current lake level, large avalanche and full breaching sce-

nario.

Low intensity area
(km?)

Med. intensity area
(km?)

High intensity area
(km?)

Total affected area
(km?)

0.31

0.40

4.22

4.93
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Figure 1. Map of the study area showing Lake Palcacocha and the city of Huaraz in the Quillcay
watershed and the Digital Elevation Model (DEM) of Quillcay watershed. The locations where
hydrographs of the FLO-2-D simulation results are illustrated are marked as cross-sections.
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Figure 2. Lake Palcacocha in 2014 with Palcaraju (6274 m) on the left and Pucaranra (6156 m)
on the right in the background and the 1941 GLOF breach below the lake. Potential avalanche
release areas located at an elevation of 5202 m to the north east of Lake Palcacocha following
the main axis of the lake (Google Earth, 2014).
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Figure 3. Flowchart of the hazard process chain for an avalanche triggered GLOF from a glacial

lake to assess potential downstream inundation.
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Figure 4. Longitudinal profile of Lake Palcacocha and its terminal moraine (factor of vertical
exaggeration of 5). The moraine profile before the 1941 GLOF exhibited width-to-height ratios
of 6, while the reshaped moraine after 1941 shows width-to-height ratios of 14 and gentler
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Figure 6. Flood hydrographs at 5 cross-sections downstream of Lake Palcacocha for the large
avalanche and current lake level scenario. Inset shows results on a larger vertical scale for

cross-sections 2-5.
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Figure 7. Flood intensity in Huaraz associated with a potential GLOF from Lake Palcacocha
for scenarios of 0 m of lake lowering (current condition), 15 m lowering and 30 m lowering con-
ditions for small, medium and large avalanches.
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Figure 8. Map of hazard in the city of Huaraz due to a potential GLOF originating from Lake
Palcacocha with the lake at its current level and for the two mitigation scenarios: 0 m lowering,
15 m lowering, and 30 m lowering.
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Figure 9. Flood intensity in Huaraz associated with a probable maximum inundation GLOF
from Lake Palcacocha for the scenario of 0 m of lake lowering condition and a large avalanche.
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