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Abstract

Moraine dam collapse is one of the causes of Glacier Lake Outburst Floods. Available
models seek to predict both moraine breach formation and lake outflow. The models
depend on hydraulic, erosion, and geotechnical parameters that are mostly unknown
or uncertain. This paper estimates the outflow hydrograph caused by a potential col-5

lapse of the moraine dam of Lake Palcacocha in Peru and quantifies the uncertainty
of the results. The overall aim is to provide a simple and robust method of calcula-
tion of the expected outflow hydrographs that is useful for risk assessment studies.
To estimate the peak outflow and failure time of the hydrograph, we assessed several
available empirical equations based on lake and moraine geometries; each equation10

has defined confidence intervals for peak flow predictions. Complete outflow hydro-
graphs for each peak flow condition were modeled using a hydraulic simulation model
calibrated to meet the peak flows estimated with the empirical equations. Failure time
and peak flow differences between the simulations and the corresponding empirical
equations were used as error parameters. Along with an expected hydrograph, lower15

and upper bound hydrographs were calculated for Lake Palcacocha, representing the
confidence interval of the results. The method has several advantages: first, it is simple
and robust. Second, it evaluates the capability of empirical equations to reproduce the
conditions of the lake and moraine dam. Third, this method accounts for uncertainty in
the hydrographs estimations, which makes it appropriate for risk management studies.20

1 Introduction

Flood risk downstream of a natural earthen dam depends on the capacity of the dam
to hold the impounded water. That capacity can be exceeded due to overtopping wave
events or catastrophic collapse of the dam induced by either structural failure or ac-
celerating erosive processes. In moraine dammed glacier lakes, both kinds of failure25

can occur. Knowing a priori the hydrograph for a potential glacier lake outburst flood
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(GLOF) would be useful for risk analysis and mitigation, but it is not clear the level of
detail required to have a reasonable approximation. In this paper we consider methods
for estimating the hydrograph for potential erosive failure of a moraine dammed glacial
lake with structural failure being the limit of the most rapid erosive process.

The erosive physical phenomena that drive earth dam breaches are not fully un-5

derstood. The complex interaction between soil and fluid dynamics that governs the
dam erosion process presents a research challenge. Two types of methods have been
previously developed to predict breach development across earthen dams and the re-
sulting outflow hydrographs. The first type involves deterministic models that attempt
to describe the governing physics of the problem and apply sediment transport or en-10

ergy dissipation models (Temple et al., 2005; Hanson et al., 2005; Visser et al., 2010;
Westoby et al., 2014). These models are focused on engineered earthen dams. Their
utility is limited by our relatively poor understanding of the hydro-erosive phenomena
and because we typically lack the data necessary to characterize the hydraulic and
geological properties of natural dams. The second type of method involves empirical15

models based on recorded historical events of dam failures, which are used to esti-
mate the characteristics of a dam breach and the resulting maximum peak flow. These
methods use regression analysis to relate the peak outflow through the breach either
to the depth or volume of water behind the dam, or to the product of these variables
(Pierce et al., 2010; Wahl, 2010; Westoby et al., 2014). Empirical models can be used20

for cases where the characteristics of both impounded water volume and dam geome-
try are similar to those of the historical cases used to build the model. Their similarity
requirement restricts their practical range of applications.

Deterministic models predict breach growth by considering hydrodynamic and sed-
iment transport relationships inside coupled models that simulate dynamically vary-25

ing weirs. These numerical models mostly use the Meyer-Peter and Muller (1948)
sediment-transport relation to simulate forward erosion processes driving the breach
shape and rate of growth. In contrast, field observations suggest that backward erosion,
from the front-end of the dam to the dam crest, is an important process in dam breach
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formation, this backward erosion process is not addressed by sediment-transport mod-
els (Costa and Schuster, 1988; O’Connor et al., 2001; Temple et al., 2005). Further-
more, erosive breach mechanisms are inherently difficult to deterministically predict
for glacier lake moraines as we lack detailed geotechnical data. The accuracy of sedi-
ment transport models to simulate breach growth processes has not been thoroughly5

demonstrated, nor has their advantage over simple parameterization of average ero-
sion rates on the basis of empirical data (Walder and O’Connor, 1997). For example,
in the case of Lake Palcacocha considered below, uncertainty and lack of data limits
the information of the damming moraine. It follows that deterministic models of erosive
breaches are still research tools that are not yet suitable for risk analysis and mitigation10

studies.
Given the obstacles to developing and applying deterministic models, empirical mod-

els represent a reasonable alternative to assess potential dam breach effects. However,
to take advantage of their simplicity, we must assess their suitability. Although several
authors propose empirical models and address uncertainty in dam breach estimations15

(Wahl, 2004; Xu and Zhang, 2009; Peng and Zhang, 2012), less attention has been
given to set criteria to select one empirical model over another. Consequently, assess-
ing whether a model fits the conditions of a particular dam site poses a challenge prior
to effective model application.

Landslide dams, a particular case of natural dams, have received more attention20

than glacial moraine dams, producing, as a result, empirical estimation methods on
peak outflow (Costa and Schuster, 1988; Wahl, 2004; Walder and O’Connor, 1997).
The geologic processes behind the formation of each type of dam are different, but
failure assessment methods might apply for both types due to common instability is-
sues. Massive landslides commonly create dams after an almost instantaneous pro-25

cess of material deposition from rock and debris avalanches; rock and soil slumps;
and debris, mud or earth flows (Costa and Schuster, 1988; Nicoletti and Parise, 2002;
Parise et al., 2003). In contrast, glacial moraine dams take geologic time scales to
emerge. Despite these formation differences, the resulting landslide or moraine dams
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are similar in terms of the poorly consolidated and heterogeneous composing materials
(Costa and Schuster, 1988). Although landslide dams are highly unstable, showing life
spans even shorter than one year, better graded debris flows favor longer longevities,
with overtopping triggering most of their failures (Costa and Schuster, 1988; Nicoletti
and Parise, 2002).5

Hydraulic simulation models such as DAMBRK (Fread, 1984) can complement the
empirical breach equations. The fixed geometry and dynamic conditions of the dam
break problem (lake volume, breach shape, and failure time) limit the possible hydro-
graphs resulting from a hypothetical dam breach. These hydrographs, which reflects
the breach drainage capacity, are different for each possible setting of lake, dam, and10

breach geometry. The problem is that, even though the drainage capacity can be es-
timated in a simplified way by hydraulic simulation models such as DAMBRK, these
models lack capability to self-determine the breaching parameters. On the other hand,
empirical equations do estimate breach development parameters, but they are based
on historical observations not directly related to the problem of interest. Thus, empirical15

models are not capable of determining the hydraulic conveying capacity of the analyzed
breach.

The principal contention of this paper is that a simple empirical method combined
with hydraulic simulations can be used for estimating potential dam break hydrographs
for moraine-dammed glacial lakes, despite our admittedly limited knowledge of erosive20

processes leading to dam failure. The fundamental problem is that existing empiri-
cal models (which typically require only water depth and impounded volume as input
parameters) only provide outputs of peak outflow and failure time, i.e., they cannot pro-
duce a hydrograph for risk planning and management. For this purpose, failure time,
or breach formation time, is the time needed for complete development of the ultimate25

breach from the initial breakthrough at the crest to the end of significant lateral en-
largement (Froehlich, 2008). In contrast, hydraulic simulation models can provide the
full outflow hydrographs but require more extensive site-specific geometric data and
calibration. Herein, we assess the application of empirical models as a calibration tool
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for hydraulic simulations generating a hydrograph for natural dam-break problems. The
method, applied to nine empirical dam-breach models, evaluates the case of a single
natural glacier lake dam, estimating outflow hydrograph predictions and uncertainties
(Wahl, 2004; Xu and Zhang, 2009; Peng and Zhang, 2012) to choose the most robust
model. In addition, from the uncertainty bands of the empirical models we compute5

the upper and lower of potential outflow hydrographs instead of a single expected in-
stance, providing more robust results for flood risk management studies. We propose
that the best empirical model for a given site produces results that best match those of
hydraulic simulations. The site used here is Lake Palcacocha in Peru, a glacier lake im-
pounded by a moraine dam, for which lower bound, predicted value, and upper bound10

outflow hydrographs are estimated considering the prediction intervals of the empirical
breaching models.

2 Methodology

2.1 Overview

In a moraine dam failure, the outflow hydrograph depends on the stored water volume15

along with the breach geometry and growth rate. For an erosive failure, the expanding
rate and shape of the breach (relative to the water level) are the principal hydrograph-
ical controls. We combine empirical models and hydraulic simulations to overcome
some of the limitations imposed by both the lack of knowledge of the breach formation
processes and the moraine characteristics. The method involves three steps: (1) peak20

flow and failure time estimation using empirical models, (2) calibration of a hydraulic
simulation of the moraine breaching process using site-specific geometrical data and
empirical model results, and (3) model selection and uncertainty band assessment to
define expected, upper and lower bound hydrographs of the breach outflow.
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2.2 Peak flow and failure time estimation

The literature provides empirical models derived for different dam failure events across
the world. These models are useful to define the characteristics of potential breach
outflow when accurate data about dam/moraine physical conditions are not available.
Nine empirical models applicable to engineered and natural dam failures are provided5

in Table 1. Each model provides an estimate of failure time, and peak flow with the
principal input data of water depth (from the initial lake free surface to the final breach),
and impounded volume above the final breach. The more complex models require
estimates of “erodability” of the dam, classified as low/medium/high. Several models
also require an estimate of the breach volume as an input. These depth and volume10

data can be derived from digital bathymetry and terrain models once a potential breach
shape is defined.

Breach dimensions, however, are important sources of uncertainty. Practical crite-
ria to define potential breach shapes include considering the dam might completely
collapses. Even though the breach shape can vary in terms of nature, magnitude and15

continuity of the trigger mechanism (avalanche generated wave overtopping, over stor-
age, extreme rainfall events, etc.), “. . . the worst case event is the most appropriate
design analysis for planning possible mitigating measures” (Laenen et al., 1987).

2.3 Dam breach hydraulic simulation

Dam breach numerical simulations can be created using the US National Weather20

Service (NWS) DAMBRK dam-breach method (Fread, 1984). Extensive descriptions
of the mathematical basis of DAMBRK can be found in Fread (1984, 1988, 1994).
DAMBRK simulates the breach outflow process as an idealized hydraulic process;
i.e., one-dimensional (1-D) open-channel flow over a broad-crested weir that linearly
evolves with time (Wahl, 2004; Wurbs, 1987; DHI, 2008). This approach excludes ero-25

sion physics, and hence does not require geotechnical or structural parameters. A ma-
jor disadvantage is the assumption of regular breach shapes and linear growth (Wurbs,
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1987), which oversimplifies breach development in heterogeneous materials such as
moraines. The DAMBRK breach development is not based on erosive processes and
the user must define it as part of the input data. The definition includes both the maxi-
mum breach dimensions and the time to failure (i.e., to maximum breach).

In a DAMBRK simulation, the breach starts at the crest of the dam/moraine and5

grows in both directions vertical and horizontal, deepening and widening the breach
shape. During each time step of a DAMBRK simulation, the discharge and energy head
vary in according to water level, available volume, and the breach (weir) dimensions.
The parameters used in the moraine breach model are: impounded lake geometry,
surrounding terrain topography, breach shape, and failure times; the basic physical10

parameters are the same applied to the empirical models described in the previous
section, including the elevation-volume curve, but are used in greater site-specific detail
within DAMBRK rather than integrated to simple height and volume values as used in
empirical models.

2.4 Assessment of empirical equation performance15

For most potentially dangerous glacial lakes, there is little (if any) data to calibrate hy-
draulic simulations, and essentially no independent data sets for validation. Herein, we
propose using the empirical models to provide estimates of the peak flow rate and fail-
ure time for calibration of DAMBRK. The failure time from a given empirical model is
used with DAMBRK as a first estimate of the failure time input data. The simulation20

is run and the peak flow of the resulting hydrograph is compared to the peak flow of
the empirical model. The DAMBRK input failure time is then adjusted in successive
calibration runs until the peak flows of the simulation and empirical model are approxi-
mately matched. The difference between the failure time from the calibrated simulation
and the failure time of the empirical model is used to assess the quality of the different25

empirical models and select the hydrographs that can be considered the most robust
estimate of a potential dam breach.
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For these comparisons, it is useful to define a normalized flow difference (Qd) from
the peak flow of the empirical model (QpE) and the peak flow of the hydraulic simulation
(QpH) as

Qd=

∣∣QpE −QpH

∣∣
QpE

×100% (1)
5

where the calibration is considered adequate when Qd < 2 %. The empirical model
performance is governed by a similar normalized time difference of

td =
|tfE − tfH|

tfE
×100% (2)

where tfE and tfH are the failure times for the empirical and the hydraulic simulation10

models, respectively. As Qd is used for judging calibration, the resulting td is used to
assess model performance.

2.5 Model selection and probabilistic assessment

Each empirical equation has an uncertainty band resulting from the residuals of the
underlying regression model. The uncertainty bandwidth of the breaching parameters15

(i.e., the range between lower and upper bounds of predictions) reflects the likely vari-
ability for each model’s predictions of peak flow. Wahl (2004), Xu and Zhang (2009),
and Peng and Zhang (2012) developed analysis methods for uncertainty bands. The
empirical models of Table 1 have the mean prediction error (e), and standard deviation
of the error (Se) as shown in Table 2. The e are the number of log cycles separating20

predicted and observed peak flows in the individual case studies compiled by each
author. The sign of e indicates over or underestimation of peak outflows (Wahl, 2004).
With the exception of the Froehlich model (Froehlich, 1995), all empirical models tend
to overestimate peak outflows. This trend is consistent with prevailing conservative ap-
proaches of dam-break prediction and the adoption of worst-case scenarios in flood25
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risk studies (Laenen et al., 1987). We apply a prediction interval as the expected lower
(Ql) and upper (Qu) bounds on the peak outflow as plus or minus two standard devia-
tions from the mean error, i.e.,

{Ql,Qu} =
{
Qp ×10−e−2Se,Qp ×10−e+2Se

}
(3)

5

where Qp is the predicted outflow. Comparison of the prediction interval for the empir-
ical models is provided in Table 2. The prediction interval is an inherent characteristic
of each empirical model or, to be more precise, it is a characteristic of each model
when compared with actual values of the original sample of dam breaks used in the
regression.10

We can use the prediction interval values to estimate the range of hydrographs ex-
pected for a hydraulic simulation calibrated with a particular empirical model. That is,
we can adjust the failure time of the hydraulic simulation in successive runs to match
the Ql and Qu, obtaining hydrographs that are the expected range of a potential dam
break.15

2.6 Study area

Lake Palcacocha and similar glacier lakes have emerged as a consequence of
deglaciation processes occurring in the Cordillera Blanca region in Peru (Figs. 1 and
2). Climate change in recent decades has accelerated glacier retreat and hence lake
growth in this area (UGRH, 2010; Burns and Nolin, 2014). For instance, the volume20

of Lake Palcacocha increased from 0.5×106 m3 in 1947 to 17×106 m3 in 2009 (Insti-
tuto Nacional de Defensa Civil, 2011). A Glacier Lake Outburst Flood (GLOF) occurred
from Lake Palcacocha in 1941 – when the lake volume was about 12×106 m3. The
recent increase in lake volume raises concerns on a persistent risk of flood for the
downstream city of Huaraz. The three conditions (sustained lake growth, recent dis-25

aster antecedents, and unstable damming conditions) reinforce concerns about Lake
Palcacocha as a threat for the Huaraz population, and furthermore, demand practical
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and applicable ways to predict potential moraine failures and water discharges from
the lake.

The Cordillera Blanca, located approximately 180 km from the Peruvian coast where
the Nazca plate dips below the South American continental plate, is a relatively recent
granodioritic batholithic intrusion into folded and faulted Mesozoic marine sediments5

(Young and Lipton, 2006; Mark, 2008; Sevinc, 2009). Large-scale uplift produced the
current Cordillera Blanca and Cordillera Negra ranges with the Callejón de Huaylas
in between them forming the Rio Santa Basin. The Cojup valley is a typical glacial
valley with very strong recent fluvial remodeling and comprises various types of in-
trusive rocks, such as granites and granodiorites with free rock faces above the talus10

deposits supplying the valley bottom with huge boulders (Vilimek et al., 2005). Lake
Palcacocha is dammed by a moraine composed of rock and debris deposits left be-
hind by the retreat of the contributing glaciers. There are few geological studies of the
current composition of the moraine, but the breach opened by the 1941 GLOF event
suggests that a large portion of the moraine is composed of loose, non-cohesive, and15

unconsolidated material.
Lacking the precise geotechnical and erodability characteristics of the Lake Palca-

cocha moraine, two main criteria were used to define the potential shape and depth of
the breach. First, we assume that the easiest path for water to flow through will be the
path defined by the 1941 GLOF. That breach still exists, and it seems likely that a new20

breach would begin by eroding the old one. Second, in the case of Lake Palcacocha
the worst-case breach depth is the full depth of the moraine. Absence of bedrock and
the prevailing presence of poor cohesion materials are likely in the Lake’s moraine;
such conditions might lead to formation of large-scale breaches.

The profile of the Lake Palcacocha moraine (Fig. 3) exhibits three elevation layers25

associated with different moraine dimensions and impounded water volumes. The sur-
face of the upper layer (0 to 22.5 m depth) is more susceptible to erosion because it is
immediately exposed to water flow; the degree of compaction and cohesion of these
shallowest moraine layers is also likely to be lower than that of deeper layers. To reach
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the bottom of the second layer, a breach must go as deep as 56 m, longitudinally erode
over 900 m of moraine material, and be able to drain 16.9×106 m3 of water. The likeli-
hood of such an event is unclear, but uncertainty of the internal moraine structure does
not allow us to reject the possibility of a massive breach. Therefore, we consider the
breach depth represented by the second layer in Fig. 3 (56 m) to be the worst-case sce-5

nario. The third layer is constituted by a small volume (0.8×106 m3), which accounts
for the remaining 5 % of the entire water volume. To release that volume, water flow
must erode over 1600 m of moraine material, extending the breach 615 m longer than
the length developed in the second layer. Thus, the water volume held in the bottom
layer is unlikely to be drained with any rapidity because the long breach length required10

at that depth, and low available potential energy (2.6 % of the total potential energy of
the lake) indicates the erosion time would be relatively long.

Discharge from the moraine will progressively enlarge the downstream channel until
the breach intersects the bottom of the second layer. By considering moraine erosion
as a backward process (moving from the downstream face to the upstream face of the15

moraine), the shape of the potential breach (Fig. 4a) will reach its maximum lateral
extension at the breached-channel segments close to the front toe of the moraine prior
to extending backward along the whole channel. The maximum breach has a bottom
width of 50 m, slopes of 1 : 1 vertical to horizontal, and a depth of 56 m. The bottom
width of the breach and downstream channel are approximately equal at the lowest20

elevation of the second layer. This shape will propagate backwards forming the breach
channel (Fig. 4b) as a deeper extension of the 1941 GLOF channel (overlaid cross
sections represented by dashed lines in Fig. 4b).

Lake Palcacocha bathymetry measurements made in 2009 (UGRH, 2010) allow us
to determine a volume/elevation curve for the lake (Fig. 5). The curve represents the25

impounded water volume as water depth increases. The parameters resulting from
combining the estimated maximum potential breach shape, lake geometry and sur-
rounding digital terrain model are shown in Table 3. These are the inputs required by
the empirical models to estimate peak outflow and failure time for the moraine breach
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process. The impounded water volume in Table 3 accounts for the volume of water
that can be drained through the two breaches mentioned in the table; thus, neglecting
the water in the upper 8 m below the crest of the moraine because existing drainage
structures prevent the lake from exceeding that level.

3 Results and discussion5

3.1 Comparison of empirical models

Each empirical model assigns different coefficients and functional forms to the in-
put data (see Table 1), which provides different relationships for flow-depth and flow-
volume. Figure 6 presents variations in the peak flow (Qp) estimated by a subset of
empirical models as a function of water volume, Vw (Fig. 6a) and water depth, Hw10

(Fig. 6b). The slopes in Fig. 6 reflect the weights each model assigns to Vw and Hw
as predictors of Qp. As indicated in Fig. 6a, a simple model such as USBR (1982) is
insensitive to changes in Vw since the model does not include that parameter. Although
there are scale differences, models such as Froehlich (1995), Xu and Zhang-simple
(Xu and Zhang, 2009), Peng and Zhang-simple and -full (Peng and Zhang, 2012) show15

similar responses to Vw variations. On the contrary, Xu and Zhang-full (Xu and Zhang,
2009), the only model that accounts for volume of eroded material, is more sensitive to
variations in Vw. Figure 6a also suggests that, in general, empirical equations are more
sensitive to changes in Vw at lower volumes.

Figure 6b shows three trends in the behavior of Qp as Hw increases. First, the Xu and20

Zhang-full (Xu and Zhang, 2009) and USBR (1982) models weight Hw more heavily as
a predictor of Qp, but there is a transition point (Hw = 55 m) where the effect of Hw
changes are more evident (higher slope) in the USBR (1982) model, leading to higher
differences between the predictions of these models. Second, the Froehlich (1995)
and Xu and Zhang-simple (Xu and Zhang, 2009) models present moderate and more25

constant slopes, indicating that the influence of Hw is less pronounced than in the
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first group. Third the Peng and Zhang-full (Peng and Zhang, 2012) and McDonald and
Landridge-Monopolis (1984) models have almost horizontal slopes indicating that they
are less sensitive to changes in Hw.

3.2 Comparison of empirical and DAMBRK model results

Table 4 summarizes the peak flow and failure time results for the empirical models listed5

in Table 1 and the DAMBRK models considering a Lake Palcacocha moraine breach.
The range of normalized peak flow difference (Qd) is 0.04–1.84 % with a median value
of 0.47 %. These low values are the result of Qd being matched during calibration. The
range of the normalized failure time difference (td) is 19.6–96.8 % with a median of
71.6 %. The results suggest that, in this case, the Froehlich (1995) model performs10

better than the other models because the td = 19.6 %, which is the smallest for the 14
models. The simplicity of the Froehlich (1995) model reduces the prediction uncertainty
that is implicitly added by erodability conditions in other models such as Xu and Zhang
(2009), Peng and Zhang (2012), or McDonald and Landridge-Monopolis (1984), for
which the normalized differences of time failure are over 90 %. More complex models15

that incorporate erosion parameters to estimate breach formation and peak outflow
might become more relevant in cases where the erosion parameters are better known.
However, additional erodability parameters seem to bring additional uncertainty in the
case of Lake Palcacocha, where the geotechnical characteristics of the moraine are
mostly unknown.20

The hydraulic simulation completes a second function. Besides measuring the capa-
bility of the best performing empirical model to provide reasonable outflow estimations,
it produces full outflow hydrographs for the expected breach and the corresponding
lower and upper uncertainty bounds. Figure 7 shows the range of hydrographs gener-
ated using DAMBRK to simulating the discharge of a 56 m-depth breach in the frontal25

moraine of Lake Palcacocha.
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3.3 Limitations and advantages

The method presented here is inherently limited. The criteria used to compare the mod-
els are relative; that is, we consider one empirical model performs better than another
one if its predicted peak flow can be used to obtain to a smaller difference between its
predicted time to failure and the time to failure computed with the hydraulic simulation.5

We can find no obvious thresholds for judging what difference levels are significant in
an absolute sense. Furthermore, the method relies on the hydraulic simulation pro-
viding a reasonable representation of the outflow hydrograph. If the simplification of
the hydraulic simulation is inappropriate, the resulting analysis of the empirical models
is invalid. Finally, we note that the preferred empirical model in this study, Froehlich10

(1995), is only for the Lake Palcacocha and results cannot be generalized to other
lakes. Because the lake and dam geometry affect the hydraulic simulation of the dam
break, it is entirely possible that a different lake/dam would produce hydrographs better
matching a different empirical equation.

The main advantages of this method reside in its simplicity and robustness, making it15

useful in situations where data are sparse, such as in the analysis of the risk of glacial
lakes. The method takes a step beyond the previous empirical models and by providing
a method to estimate a dam-break hydrograph that could be used for more effective
modeling of potential downstream consequences. Another advantage emerges from
further applying the results to empowering risk assessment or vulnerability studies.20

Focusing more specifically on the Froehlich empirical models (Froehlich, 1995), Table 5
shows the mean prediction errors for failure time and peak discharge, the width of the
uncertainty bands, and the prediction interval for a hypothetical predicted value of 1
using Froehlich’s equations (Wahl, 2004). Table 6 shows the predicted peak outflow
and failure time estimated by Froehlich (1995) empirical model and hydraulic simulation25

and the associated prediction intervals (upper and lower bounds) for Lake Palcacocha
conditions. The hydrographs in Fig. 7 present an outflow event and the lower and upper
bounds for a 56 m breach from Lake Palcacocha. Instead of providing a single outflow
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result, this approach allows risk studies to take into account a range of possible events
accounting for the uncertainty in the breaching calculations.

4 Conclusions

A new method has been presented for extending prior empirical models that provide
only peak flows and failure times for a dam break. Using the new method, it is possible5

to determine the maximum and minimum flow hydrographs that are consistent with
the empirical model. The new method evaluates existing empirical models to find the
best match to the hydrograph produced by calibrating a hydraulic simulation. In the
present study, the DAMBRK model was used, but the method could be adapted to
any unsteady-flow hydraulic simulation method. The advantage of the method is that it10

provides a simple approach to estimating a hydrograph for potential dam breaks where
data are limited, which is the case for many glacier lakes that endanger downstream
populations.

The method succeeds on providing first hydrograph estimations that can support
risk assessment studies in remote locations. Likewise, it sets criteria to evaluate the15

quality of those estimations. However, application of the method to detailed dam break
studies, which require less uncertainty, remains limited due to lack of precise validation
data. Furthermore, the inner nature of the applied empirical models, built upon specific
sets of historical cases, limits the range of locations where the models are reliable,
which prevents us from applying the method in a generalized way. Rather, the method20

requires careful judgment in evaluating model performances trough normalized differ-
ences of time failures.

The new method was demonstrated in estimating the hydrographs for potential
breaches in a moraine dammed glacier lake (Lake Palcacocha, Peru). The best re-
sults were obtained using the Froehlich (1995) empirical model, with an error of 19.6 %25

in failure time. Uncertainty of predicted outflows and corresponding hydrographs are
computed for every empirical model studied. Using the method, we were able to predict
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expected outflow hydrographs and their uncertainty range (lower and upper bound hy-
drographs).
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Table 1. Empirical equations for peak flow and failure time for dam breach events.

Reference Peak flow, Qp (m3 s−1) Failure time, tf (h)

1 Froehlich (1995) 0.607
(
V 0.295

w H1.24
w

)
0.00254

(
V 0.53

w H−0.9
w

)
2 USBR (1982) 19.1Hw

1.85 0.011
(
Bavg

)
;

Bavg = 3Hw

3 Xu and Zhang (2009)
(simple)

(
9.80665V 5/3

w

)0.5
×0.133

(
V 1/3

w

Hw

)−1.276

ea;

High erodability: a = −1.321
Med erodability: a = −1.73
Low erodability: a = −0.201

b
(
Hw
15

)0.634
(

V 1/3
w

Hw

)1.246

;

High erodability: b = 0.038
Med erodability: b = 0.066
Low erodability: b = 0.205

4 Xu and Zhang (2009)
(full)

(
9.80665V 5/3

w

)0.5
×0.175

(
Hw
15

)0.199
(

V 1/3
w

Hw

)−1.274

ea;

High erodability: a = −0.705
Med erodability: a = −1.039

0.304
(
Hw
15

)0.634
×
(

V 1/3
w

Hw

)1.228

eb;

High erodability: b = −1.205
Med erodability: b = −0.564

5 Peng and Zhang (2012)
(simple)

9.806650.5 ×H1.129
w

(
V 1/3

w

Hw

)1.536

ea;

High erodability: a = 1.236
Med erodability: a = −0.38
Low erodability: a = −1.615

H0.293
w

(
V 1/3

w

Hw

)0.723

eb;

High erodability: b = −0.805
Med erodability: b = −0.674
Low erodability: b = 0.205

6 Peng and Zhang (2012)
(full)

9.80650.5×H1.083
w

(
Hw

Vm

)−0.265
(

V 1/3
m
Hw

)−0.471(
V 1/3

w

Hw

)1.569

ea;

High erodability: a = 1.276
Med erodability: a = −0.336
Low erodability: a = −1.532

H0.293
w

(
Hw

Vm

)−0.024
(

V 1/3
m
Hw

)−0.103(
V 1/3

w

Hw

)0.705

eb;

High erodability: b = −0.635
Med erodability: b = −0.0518

7 McDonald and Landridge-
Monopolis (1984)

1.154(Vw ×Hw)0.412 0.0179V 0.364
m

8 McDonald and Landridge-
Monopolis (1984)
(envelope)

3.85(Vw ×Hw)0.411 0.0179V 0.364
m

9 Walder and O’Connor
(1997)

1.51(g1/2H5/2
d )

0.06
(

kVw

g1/2H1/2
d

)0.94

, for η� 1

η = kVo

g1/2H
7/2
d

Only the case for η� 1 is presented here (for rel-
atively slow breach formation). For other cases see
Walder and O’Connor (1997)

Hd

k

Note: Hw is water depth (m); Vw is water volume (m3); Vm is moraine breach volume (m3); a, b are erodability weighting coefficients; η is a erodability parameter; and k is the
mean erosion rate of the breach (m s−1), based on historical events from Walder and O’Connor (1997).
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Table 2. Uncertainty estimates for peak flow predictions using empirical models (adapted from
Wahl, 2004; Xu and Zhang, 2009; and Peng and Zhang, 2012).

Author Number Mean Width of Prediction interval
of case prediction uncertainty around hypothetical
studies error, e band, ±2Se predicted value of 1

(log cycles) (log cycles)

Froehlich (1995) 32 −0.04 ±0.32 0.53–2.3
USBR (1982) 38 +0.19 ±0.50 0.2–2.1
Xu and Zhang (2009) (simple) 14 – ±0.48 0.33–3.01
Xu and Zhang (2009) (full) 14 – ±0.52 0.30–3.35
Peng and Zhang (2012) (simple) 41 – ±0.48 0.33–3.03
Peng and Zhang (2012) (full) 41 – ±0.47 0.34–2.9
McDonald and Landridge-Monopolis (1984) 37 +0.13 ±0.70 0.15–3.7
McDonald and Landridge-Monopolis (1984) (envelope) 37 +0.64 ±0.70 0.05–1.10
Walder and O’Connor (1997) 22 +0.13 ±0.68 0.16–3.60
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Table 3. Physical parameters for moraine breach models.

Parameter Maximum breach

Depth of water (Hw) 49.7 m
Depth of the breach (Hd) 56.0 m
Volume of impounded water not including the lower zone (Vw) 16.9×106 m3

Volume of moraine breach (Vm) 3.65×106 m3

Bottom width (m) 50.0 m
Breach slopes 1 : 1 horizontal to vertical
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Table 4. Peak outflow (calibrated) and breach failure time (result) estimated by empirical models
and hydraulic simulation for Lake Palcacocha.

# Reference Erodability condition Empirical models Hydraulic simulation Normalized difference
Peak flow Failure time Peak flow Failure time Flow Time

QpE tfE QpH tfH Qd td

(m3 s−1) (h) (m3 s−1) (h) (%) (%)

1 Froehlich (1995) 10 426 0.51 10 412 0.61 0.14 19.62
2 Bureau of Reclamation 26 260 1.64 26 659 0.15 1.52 91.11
3a Xu and Zhang (2009) (simple) Med 9567 1.09 9556 0.68 0.11 37.45
3b Xu and Zhang (2009) (simple) High 14 401 0.63 14 306 0.43 0.66 31.27
3c Xu and Zhang (2009) (simple) Low 3756 3.38 3825 1.85 1.84 45.34
4a Xu and Zhang (2009) (full) Med 32 953 3.02 32 727 0.10 0.69 96.78
4b Xu and Zhang (2009) (full) High 44 674 1.59 44 624 0.05 0.11 96.77
5a Peng and Zhang (2012) (simple) Med 2186 5.24 2212 3.33 1.18 36.36
5b Peng and Zhang (2012) (simple) High 11 002 4.59 11 007 0.58 0.04 87.30
6a Peng and Zhang (2012) (full) Med 2533 9.03 2504 2.92 1.16 67.72
6b Peng and Zhang (2012) (full) High 12 699 5.04 12 664 0.50 0.27 90.08
7 McDonald and Landridge-Monopolis (1984) 5469 4.38 5369 1.28 1.83 70.83
8 McDonald and Landridge-Monopolis (1984) (envelope) 17 876 4.38 17 897 0.32 0.12 92.71
9 Walder and O’Connor (1997) 20 246 0.95 20 271 0.26 0.12 72.40

Min 0.04 19.62
Max 1.84 96.78
Median 0.47 71.61
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Table 5. Mean prediction errors for failure time and peak flow, width of uncertainty bands, and
prediction interval (for hypothetical value of 1) using Froehlich’s equations (Wahl, 2004).

Parameter Mean Prediction Error Width of Uncertainty Band Prediction interval around
(log cycles) (±2Se) (log cycles) hypothetical predicted value of 1

Failure Time −0.22 ±0.64 0.38–7.30
Peak Discharge −0.04 ±0.32 0.53–2.30
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Table 6. Predicted peak outflow and failure time estimated by Froehlich’s empirical models and
hydraulic simulation and the associated prediction intervals (upper and lower bounds) for Lake
Palcacocha conditions.

Parameter Empirical model Hydraulic simulation Normalized differences
QpE (m3 s−1) tfE (h) QpH (m3 s−1) tfH (h) Qd (%) td (%)

Lower bound 5526 3.72 5533 1.24 0.13 66.69
Predicted value 10 426 0.51 10 412 0.61 0.13 19.61
Upper bound 23 980 0.19 24 016 0.19 0.15 1.96
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Figure 1. Lake Palcacocha location, upstream from Huaraz City in the Cordillera Blanca in
Peru.
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Figure 2. Front views of Lake Palcacocha and the breach of the 1941 GLOF.
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Figure 3. Palcacocha Lake and moraine partial longitudinal profile.
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 1 
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a) 3 

 4 
b)  5 

Figure 4. Maximum potential breach definition: a) breach shape; b) overlapping 6 
between the potential breach and existing terrain cross-sections across the last 200 m of 7 

eroded moraine.  8 
  9 

Figure 4. Maximum potential breach definition: (a) breach shape; (b) overlapping between the
potential breach and existing terrain cross-sections across the last 200 m of eroded moraine.
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Figure 5. Volume/Elevation/Depth curves for Lake Palcacocha.
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Figure 6. Peak flow response to (a) water volume variations, and (b) water depth variations
according to selected empirical models.
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Figure 7. Potential outflow hydrographs from Lake Palcacocha due to a 56 m moraine breach.
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