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ABSTRACT 

An objective, remote sensing-based procedure is proposed to evaluate the outburst 

flood hazard posed by moraine-dammed lakes in southwestern British Columbia. 

Outburst probability is estimated using an expression derived from statistical analysis of 

data collected from 175 moraine-dammed lakes in the southern Coast Mountains. 

Logistic regression identified four factors that correctly discriminate 70% of drained and 

90% of undrained lakes: moraine height-to-width ratio, presencelabsence of an ice core 

in the moraine, lake area, and main rock type forming the moraine. Objective methods, 

which incorporate empirical relations applicable to the study region, are used to predict 

outburst peak discharge and debris flow volume, travel distance, and area of inundation. 

Outburst flood hazard is especially sensitive to lake level fluctuations and is greatest for 

large lakes perched on valley sides behind narrow, ice-free moraine dams composed of 

sedimentary rock debris. 
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CHAPTER 1: 

INTRODUCTION 

Moraine dams can fail suddenly and unexpectedly. Within hours or even minutes, 

an entire lake can drain, sending a slurry of water and debris many tens of kilometres 

downstream. In the past century, outburst floods from moraine-dammed lakes have 

claimed thousands of lives and caused hundreds of millions of dollars of damage 

(Richardson and Reynolds, 2000). Moraine dam failures have resulted in only minor 

damage in British Columbia (Blown and Church, 1985), but accelerated use and 

development of mountain valleys has increased the likelihood of impact on humans. 

Given the destructive potential of outburst floods from moraine-dammed lakes, 

researchers are developing methods for predicting whether or not a particular lake is 

likely to drain catastrophically and, if so, what size of flood can be expected. This paper 

builds on published assessment methods and provides engineers and geoscientists with a 

remote sensing-based method for completing objective preliminary hazard evaluations of 

moraine-dammed lakes in southwestern British Columbia (Fig. 1-1). Such preliminary 

hazard assessments provide the basis for prioritizing hazardous lakes for more detailed 

field investigations. 



Fig. 1 - I .  Study area showing locations of 175 moraine-dammed lakes larger than I ha. An unnamed 
moraine-dammed lake (black star) is used to demonstrate the application of the predictive model (see Fig. 
2-9). Map projection is BC Albers. Map data provided by, and reproduced with permission of, the 
Province of British Columbia. 

1 .  Background 

Moraine-dammed lakes have formed due to recent glacier retreat in high 

mountains throughout the world, including the Cordillera Blanca, Peru (Lliboutry et al., 

1977), Himalayas (Richardson and Reynolds, 2000), Swiss Alps (Haeberli, 1983; Huggel 

et al., 2002), and the Cordillera of western North America (Clague and Evans, 2000; 

O'Connor et al., 2001). Lakes formed wherever moraines block valley drainage, but are 

most commonly situated between retreating glaciers and looped end moraines deposited 

near the end of the Little Ice Age (Matthes, 1939; Grove, 1988). Catastrophic drainage of 

such lakes is common because moraine dams are composed of unconsolidated sediment 



that may be rapidly eroded by anomalous lake outflows triggered by impact waves from 

rockfalls or ice avalanches or by high runoff events. The dams may fail catastrophically 

months to decades or more after they form (O'Connor et al., 2001), or they may gradually 

incise due to slow erosion. 

Moraine-dammed lakes represent a special type of hazard for three reasons. First, 

because outburst floods from moraine-dammed lakes are generally non-recurrent, floods 

are unprecedented and thus unexpected. Second, the outburst floods originate from a 

point source but may travel tens to hundreds of kilometres downstream (Richardson and 

Reynolds, 2000) before attenuating to normal streamflow discharge. Thus, people and 

infrastructure far downstream from the source may be at risk. Third, the source of the 

hazard is known a priori. Because the flood source can be identified, disasters can be 

avoided through mitigation measures, for example by stabilizing moraine dams and 

lowering lakes levels (Lliboutry et al., 1977; Reynolds et al., 1998). 

Given the cost of mitigative works, however, not all outbursts fiom moraine- 

dammed lakes can be prevented. Hazard analysts need a means of prioritizing the most 

hazardous lakes for detailed analysis and possible engineering works. Back analysis of 

outbursts has led to the development of empirical relations that may be used to predict the 

magnitude of future events. For example, outburst flood peak discharge may be 

estimated using an empirical relation based on lake volume and moraine dam height 

(Hagen, 1982; Haeberli, 1983; MacDonald and Langridge-Monopolis, 1984; Costa and 

Schuster, 1988; Huggel et al., 2002). However, selection of the most appropriate 

equation for use in a particular hazard assessment can be arbitrary, and the chosen 

formula may not be applicable to moraine-dammed lakes in a particular geographic area. 



Existing methods of estimating outburst probability are qualitative and subjective. 

Lu et al. (1 987) suggest numerical thresholds beyond which an outburst is likely based on 

data derived from 1 1 outburst floods in Tibet, Richardson and Reynolds (2000) 

schematically illustrate a lake's susceptibility to catastrophic drainage, and O'Connor et 

al. (200 1) provide topographic criteria for a qualitative assessment of the "release 

potential" of a moraine-dammed lake. Huggel et al. (2004) provide the most systematic 

method to date for evaluating the probability of outburst from glacial lakes. They define 

five key indicators to which qualitative probabilities of low, medium, or high can be 

assigned: dam type, ratio of freeboard to dam height, ratio of dam width to height, 

frequency and magnitude of impact waves from rock and ice falls reaching the lake, and 

frequency of extreme meteorological events (Huggel et al., 2004, their Table 3). The 

effect of each indicator on outburst probability is considered independently, and the 

scoring is based on the experience of the analyst. Although systematic, Huggel et al's 

approach is subjective and based mainly on data from the Swiss Alps. 

1.2 Research objectives 

The purpose of this research is to develop a systematic and objective procedure 

for making preliminary assessments of outburst flood hazard from moraine-dammed 

lakes in southwestern British Columbia (Fig. 1-1). Engineers and geoscientists who 

perform hazard assessments in glacierized regions can benefit from this approach because 

it does not require field investigation or expertise in glacial hazard analysis. Statistical 

analysis, which is based on an inventory of all moraine-dammed lakes larger than one 

hectare in the southern Coast Mountains, is used to identify factors that most strongly 

influence outburst probability and to generate a formula from which the outburst 



probability of a particular lake can be estimated. I apply the assessment procedure to all 

lakes within the study area so that those responsible for hazard evaluation in 

southwestern British Columbia have a basis for prioritizing potentially hazardous lakes 

for more detailed investigation. 

1.3 Terminology 

Several terms used in this thesis are defined here to avoid uncertainty about their 

meaning. A "moraine" is defined herein as a conspicuous mound or ridge of rock debris 

deposited by a glacier. Both end and lateral moraines, ranging in height from just a few 

metres to over a hundred metres, impound lakes in the study area. Most moraines in the 

study area are composed of diamictons with grains ranging in size from clay to large 

boulders (Clague and Evans, 2000). 

A "moraine-dammed lake" is defined herein as a substantial body of standing 

water whose existence in some way depends on damming by a moraine. The definition 

follows from, and complements, Blachut and Ballantyne's (1976) definition of "ice- 

dammed lake." Although the classic moraine dam has a definite ridge crest and is 

angular in cross-section, those lakes that are impounded by a low, rounded mound of 

morainal debris are also classified as moraine-dammed lakes (Fig. 1-2). 

The term "catastrophic," as used in the phrases "catastrophic drainage" and 

"catastrophic failure," refers to a sudden and rapid process that generally lasts several 

hours. The Nostetuko Lake and Queen Bess Lake moraine dam breaches, which 

developed in five and eight hours, respectively (Blown and Church, 1985; Kershaw et al., 

2005), are examples of catastrophic moraine dam failures. 



Fig. 1-2. Examples of two different moraine dam morphologies. (a) The classic narrow, sharp-crested 
moraine dam with an angular cross-section (location 123" 44' 22" W:5O0 46' 42" N; photo taken July 3 1, 
2004). (b) A low, rounded moraine dam that has been overridden by a glacier (location 123' 0' 24" W/50•‹ 
37' 22" N; photo taken July 17,2004). 



The term "outburst flood" is used in a broad sense throughout this thesis. In most 

instances, the term refers to a mixture of sediment and water that flows rapidly down a 

channel during and immediately after catastrophic failure of a moraine dam. Thus, a 

flood that forms a debris flow is still referred to as an outburst flood or, simply, an 

outburst. The term "outburst-generated debris flow" is used where the discussion refers 

specifically to material that behaves as a visco-plastic with high yield strength and non- 

turbulent flow (Costa, 1988). 

1.4 Thesis overview 

In addition to this introductory chapter, the thesis comprises two main chapters 

and a concluding chapter. 

Chapter 2 describes the development of a statistical, remote sensing-based model 

for making preliminary estimates of outburst probability from moraine-dammed lakes in 

the southern Coast Mountains of British Columbia. Data for 175 moraine-dammed lakes 

between Fraser and Klinaklini rivers (Fig. 1-1) were collected for logistic regression 

analysis. Logistic regression is used to identify which factors best discriminate between 

drained and undrained lakes and, thereby, generate a formula for estimating the 

probability of catastrophic drainage from moraine-dammed lakes. The implications and 

applicability of the statistical model to other regions are discussed. This manuscript, 

which was prepared 90% by me and 10% by John Clague, is in review with Global and 

Planetary Change (McKillop and Clague, in review). Although John Clague helped 

improve the format and presentation of the paper, the intellectual content is entirely based 

on my ideas. 



Chapter 3 incorporates the statistical model described in Chapter 2 into a 

framework for making objective preliminary assessments of the outburst flood hazard 

posed by moraine-dammed lakes in the southern Coast Mountains. The recommended 

methods for evaluating outburst flood and outburst-generated debris flow magnitude are 

based on aerial photographic analysis and, wherever possible, include existing empirical 

relations that are applicable to the study region. The chapter outlines procedures for 

estimating outburst peak discharge, maximum volume, maximum travel distance, 

maximum area of inundation, and probability. Three case studies demonstrate the 

application of the complete assessment, which yields reproducible results and enables 

prioritization of hazardous lakes for more detailed field investigation. This manuscript 

(90% prepared by me and 10% by John Clague) has been submitted to Natural Hazards 

(McKillop and Clague, submitted). Although John Clague helped improve the format 

and presentation of the paper, the intellectual content is entirely based on my ideas. 

Chapter 4 summarizes the results of this research, its significance and its 

limitations, and recommends further research. 



CHAPTER 2: 

STATISTICAL, REMOTE SENSING-BASED APPROACH 
FOR ESTIMATING THE PROBABILITY 

OF CATASTROPHIC DRAINAGE 
FROM MORAINE-DAMMED LAKES 

IN SOUTHWESTERN BRITISH COLUMBIA 

2.1 Abstract 

Safe development of glacierized regions would benefit from a systematic and 

objective method for assessing the hazard posed by moraine-dammed lakes. Empirical 

relations exist for estimating outburst flood magnitude, but standardized procedures have 

yet to be developed for estimating outburst flood probability. To make quick and 

inexpensive preliminary assessments that are reproducible, a statistical, remote sensing- 

based approach is proposed to estimate the probability of catastrophic drainage of 

moraine-dammed lakes. A comprehensive inventory and analysis were completed of 175 

moraine-dammed lakes in the southern Coast Mountains of British Columbia. By 

applying logistic regression analysis to the data set, the following four independent 

predictor variables that best discriminate drained lakes from undrained lakes were 

identified: moraine height-to-width ratio, presencelabsence of an ice core in the moraine, 

lake area, and main rock type forming the moraine. The predictive model correctly 

classifies 70% of drained lakes and 90% of undrained lakes, for an overall accuracy of 



88%. The model provides engineers and geoscientists with a tool for making first-order 

estimates of the probability of catastrophic drainage from moraine-dammed lakes in 

southwestern British Columbia. 

2.2 Introduction 

Moraine-dammed lakes are common in glacierized regions around the world 

(Lliboutry et al., 1977; Haeberli, 1983; Costa and Schuster, 1988; Clague and Evans, 

2000; Richardson and Reynolds, 2000). They form between the snout of a glacier and i. 

own end moraine and, less commonly, on the distal side of moraines where valley 
I 

drainage has become blocked (Fig. 2-1). Moraine-dammed lakes are prone to 

catastrophic drainage, which can be attributed to the weak dam materials that typically 

fail rapidly through erosion and landsliding into the breach channel. 

Outburst floods from moraine-dammed lakes have caused tens of millions of 

dollars of damage to infrastructure and killed thousands of people worldwide (Richards01 

and Reynolds, 2000). Floodwaters have damaged hydroelectric facilities (Vuichard and 

Zirnrnermann, 1987), washed out roads and bridges (Kattelmann, 2003), and destroyed 

houses and buildings (Huggel et al., 2003). Compared to the large amount of damage 

caused annually by floods and hurricanes, damage from outburst floods is relatively 

minor. Nonetheless, the potential severity of outburst flood damage warrants research 

into better understanding moraine dam failure processes, especially as development 

extends into alpine regions. 



Fig. 2-1. Schematic showing three principal locations of moraine-dammed lakes (based on Clague and 
Evans, 2000, Fig. 6 ) .  (1) Impounded on proximal side of end moraine; (2) in tributary valley, impounded 
on distal side of moraine deposited by trunk glacier; (3) in trunk valley, impounded on distal side of 
moraine deposited by tributary glacier. 

The hazard posed by moraine-dammed lakes differs from most other natural 

hazards. Whereas the locations of future earthquakes and tornadoes, for example, are not 

known with certainty, the sources of outburst floods from moraine-dammed lakes are 

obvious. The hazard source can be determined through aerial photograph or satellite 

image interpretation and confirmed in the field, and engineers and geoscientists have 

designed a variety of mitigation measures for preventing or reducing the potential size of 

outburst floods. In some cases, the hazard has been reduced by stabilizing moraine dams 



and their overflow channels (Lliboutry et al., 1977); in others, lakes have been partially 

drained (Reynolds et al., 1998). Such measures, however, are costly, time-consuming, 

and sometimes unsafe (Lliboutry et al., 1977), thus it is unreasonable to reduce the hazard 

posed by all moraine dams. Development of a systematic method for evaluating the risk 

of moraine dams failing would allow authorities to prioritize the most unstable lakes in a 

region so that the cost of mitigative engineering measures is minimized. 

Hazard can be broadly defined as the product of magnitude and probability (Fell, 

1994). Moraine dam hazard assessments, therefore, must include estimates of both 

outburst magnitude and outburst probability. A variety of different measures are used to 

quantify outburst magnitude, including total volume, travel distance, and downstream 

area of inundation. One of the most common measures of outburst magnitude, however, 

is peak discharge. Numerous empirical relations have been developed to estimate the 

peak discharge of outburst floods from moraine-dammed lakes (e.g., Costa and Schuster, 

1988; Walder and OYConnor, 1997; Huggel et al., 2002). Peak discharge has a non-linear 

relation with lake volume, assuming complete drainage, which is "the most appropriate 

design analysis for planning possible mitigative measures" (Laenen et al., 1987). Not all 

outbursts, however, are floods; some transform into debris flows with very different 

runout and impact characteristics. Huggel et al. (2004) provide guidelines for estimating 

the probable maximum volume and travel distance of lake outbursts that transform into 

debris flows. 

Although many authors discuss the factors that most likely predispose moraine 

dams for failure (e.g., Chen et al., 1999; Clague and Evans, 2000; Richardson and 

Reynolds, 2000; Huggel et al., 2004), no standardized, objective method yet exists for 



estimating outburst probability. In an attempt to improve the accuracy of estimates of 

outburst probability, several authors have specified criteria associated with moraine dam 

failure. Lu et al. (1987), for example, propose seven numerical "geographic conditions" 

that favour outburst floods, and both Richardson and Reynolds (2000) and O'Connor et 

al. (2001) schematically illustrate factors that they link to dam failure. Huggel et al. 

(2004) list five indicators of a lake's susceptibility to outburst floods, from which they 

derive a qualitative probability of dam failure. 

Satisfactory methods have been developed for predicting outburst flood and 

debris flow magnitude, but few publications adequately address determination of outburst 

probability. The purpose of this paper is to provide an objective approach for estimating 

outburst probability. I use multivariate statistical analysis of remotely measured variables 

to derive a formula from which the probability of catastrophic drainage from moraine- 

dammed lakes in the southern Coast Mountains of British Columbia can be estimated. 

2.3 Basis for a statistical, remote sensing-based approach 

A statistical approach for estimating the probability of catastrophic drainage from 

moraine-dammed lakes was chosen over approaches based on deterministic analysis, 

return period, and a qualitative geomorphic analysis. Deterministic analysis requires 

complete understanding of failure mechanisms and prior knowledge of geotechnical 

properties of the moraine dam, which can only be determined through labour-intensive 

field work. Triggers of moraine dam overtopping and subsequent failure mechanisms are 

rarely known with certainty (Clague and Evans, 2000; Richardson and Reynolds, 2000) 

and would require detailed slope stability modelling. Financial and time constraints 

preclude regional field investigations. 



A return period approach is commonly used in the probabilistic analysis of storm- 

induced debris flows (Hungr et al., 1984; Jakob, 2005b). Three factors, however, 

preclude use of this approach for estimating the probability of outburst floods from 

moraine-dammed lakes. First, glacial hazards change over time scales shorter than are 

required to derive frequency relations (Huggel et al., 2004). Second, the dates of past 

outburst floods are commonly not known with certainty. Third, most moraine-dammed 

lakes drain only once because the dams are destroyed. 

The qualitative geomorphic approach has been used almost exclusively in 

moraine dam hazard assessments. Richardson and Reynolds (2000) and O'Connor et al. 

(2001), for example, compare a lake's topographic setting and dam morphology to those 

of lakes that have drained catastrophically to assess failure susceptibility. Unfortunately, 

the subjectivity of this approach can result in assessments that are inconsistent, depending 

on the expertise and biases of the geoscientist. 

A more reliable and widely applicable approach for estimating outburst 

probability should meet four criteria. First, the approach has to be objective; results of 

assessments completed by different people ought to be similar. Second, the approach 

must be simple; hazard evaluation is standardized and follows a specific protocol so that 

geoscientists without expert knowledge can perform the assessment. Third, the approach 

should be practical; assessment procedures that minimize the necessary time and cost are 

preferred by consultants and their clients and are more readily completed. Therefore, 

wherever possible, inexpensive and publicly available data and software are used. 

Fourth, the approach has to be flexible; the model can be adapted for different data 



sources, and the conservativeness of the assessment can be adjusted to suit different 

applications. A statistical, remote sensing-based approach can satisfy these four criteria. 

The successful application of multivariate statistical analysis of remotely 

measured parameters in landslide probability studies provides further justification for 

using a statistical, remote sensing-based approach. Dai and Lee (2003) and Ohlmacher 

and Davis (2003) used multivariate statistical analysis, in combination with geographic 

information systems software, to generate landslide probability maps. Their 

identification of similar predictor variables in different study areas demonstrates that a 

statistical approach may provide insight into the factors that control a moraine dam's 

susceptibility to failure. Based, in part, on their studies, the following prerequisites and 

assumptions should be met to ensure the validity of the model and appropriate 

interpretation of results: (1) moraine-dammed lakes that have produced an outburst flood 

(drained) can be distinguished from those that have not (undrained) with remote sensing 

methods; (2) lake parameters can be accurately measured; (3) sampled lakes represent all 

variability in the study area; (4) the same mechanisms that were responsible for past 

moraine dam failures will cause future failures; and (5) the sample size is large enough 

for statistical analysis. 

Given these prerequisites and assumptions, a statistical model for estimating the 

probability of catastrophic drainage from moraine-dammed lakes in southwestern British 

Columbia cannot be based solely on the nine instances of moraine dam failure 

documented in the literature (Blown and Church, 1985; Clague et al., 1985; Evans, 1987; 

Ryder, 1991; Clague and Evans, 1992; Clague and Mathews, 1992; Clague and Evans, 

2000; Kershaw et al., 2005). The sample size could be increased by including dam 



failures in other glacierized regions such as the Himalayas, Andes, or Alps. Although 

basing a statistical model on possibly morphologically distinct moraine dams in different 

mountain ranges may increase the model's spatial applicability, it would likely 

compromise the model's predictive capability within southwestern British Columbia. 

The lack of consistency of morphological data published in the literature further limits 

the use of existing data, at least without data homogenization. Furthermore, few 

quantitative data have been published on undrained moraine-dammed lakes. A statistical 

model cannot reliably identify lakes that are likely to drain catastrophically if it is based 

entirely on data collected from drained lakes. 

2.4 Study area 

I completed a comprehensive inventory of all drained and undrained moraine- 

dammed lakes larger than one hectare in British Columbia's southern Coast Mountains 

(Fig. 1-1). A lake area threshold of one hectare was used because outburst floods from 

lakes of this size have considerable destructive potential (e.g., Tats Lake, Clague and 

Evans, 1992) and can be reliably detected on 1 :30 000- to 1 :40 000-scale aerial 

photographs. The study area is 70 000 km2 in size and is bounded on the south by the 

Strait of Georgia and Fraser Lowland, on the west by Knight Inlet and Klinaklini River, 

on the north by the Interior Plateau, and on the east by Fraser River. The Coast 

Mountains extend from the International Boundary about 1700 km northwest to Alaska 

and Yukon. The Coast Mountains are composed mainly of Late Jurassic to Early 

Tertiary granitic rocks, intermediate- to high-grade metamorphic rocks, and minor 

Cenozoic volcanic rocks (Monger and Journeay, 1994). 



Elevations in the southern Coast Mountains range from sea level in coastal fjords 

to over 4000 m at the summit of Mount Waddington. Local relief is typically between 

1000 and 2000 m. The high relief and rugged topography are largely the product of late 

Tertiary and Quaternary tectonic uplift and fluvial and glacial erosion (Parrish, 1983; 

Mathews, 1989). Many valleys have broad bottoms and steep sides, and contain thick 

Quaternary sediments. Contemporary glaciers range in size from small cirque glaciers to 

icefields up to 400 km2 in area straddling the drainage divide of the Coast Mountains. 

Conspicuous late Holocene moraines, mostly deposited during the Little Ice Age 

(Matthes, 1939; Grove, 1988), occur near the margins of many glaciers throughout the 

study area. The moraines average about 30 m high, but some exceed 100 m in height. 

They are composed of unconsolidated diamicton and poorly sorted bouldery gravel (Fig. 

2-2). The diamicton matrix is dominantly sand, but includes finer material. 

Fig. 2-2. Example of poorly sorted bouldery till characteristic of most moraine dams in the southern 
Coast Mountains. Pit excavated July 17, 2004, into moraine dam located at 123" 0' 24" W/50•‹ 37' 22" N. 
Ice axe is approximately 65 cm long. 
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Synoptic-scale climate ranges from wet maritime on the coast and windward 

western slopes to drier sub-maritime in the rain shadow of the Coast Mountains. Climate 

is orographically modified in alpine and subalpine regions where most moraine-dammed 

lakes are located. Mean annual precipitation on the lee side of the range is less than 

500 mm, whereas the windward slopes and major icefields receive more than 3000 mm 

annually (Canadian National Committee for the International Hydrological Decade, 

1978). Precipitation is generally heaviest in the late autumn when Pacific cyclones move 

onto the British Columbia coast. Flooding occurs in small to intermediate-size 

watersheds during intense rain-on-snow events in autumn and during the early summer 

freshet in large drainage basins such as that of Fraser River. 

2.5 Database development 

Moraine-dammed lakes were detected and measurements were made using aerial 

photographs (Table 2-1). Huggel et al. (2002) developed GIs-based algorithms for 

detecting glacial lakes using Landsat satellite imagery, which may be the more 

economical solution for study regions where recent aerial photograph coverage is 

incomplete, but I used aerial photographs for four reasons: (I)  they have higher spatial 

resolution than most satellite images, which is sometimes needed to distinguish moraine- 

and bedrock-dammed lakes; (2) they are inexpensive, provide complete recent coverage 

of our study area, and can be viewed at no cost at provincial and federal aerial 

photograph libraries in Canada; (3) vertical relief and horizontal distances can be 

measured on aerial photographs; and (4) they are routinely used by geoscientists and 

engineers in hazard assessments. Where possible, 1 :30 000- to 1 :40 000-scale, post-1 990 

aerial photographs were used for lake detection. These aerial photographs facilitated 



Table 2-1. Candidate predictor variables. 
N0.a Variable Code Data Data Unitsd Definition Referencee 

sourceb typec 
Frbd AP C Elevation difference between Blown and Church Lake 

free board 

Lake 
freeboard-to- 
moraine crest 
height ratio 
Lake area 
Moraine 
height-to-width 
ratio 

Moraine distal 
flank 
steepness 
Moraine 
vegetation 
coverage 
Ice-cored 
moraine 
Main rock type 
forming 
moraine 

Lake-glacier 
proximity 
(horizontal 
distance) 
Lake-glacier 
relief (vertical 
distance) 
Slope 
between lake 
and glacier 
snout 
Crevassed 
glacier snout 
Glacier calving 
front width 

Glacier snout 
steepness 
Snow 
avalanches 
enter lake 

FMht AP 

Area TRlM 
Mhw AP 

Mdfk AP 

Mveg AP 

IceC M & 
AP 

Geol BCGS 

LGpx AP 

RlfG AP 

LGsp AP 

Crew AP 

Calv AP 

SnSt TRlM 

Snow AP 

lake surface and lowest point in 
moraine crest 
Ratio between lake freeboard 
(#I) and moraine crest height 
(elevation difference between toe 
and crest of moraine dam) 
Lake surface area 
Ratio between moraine height 
(vertical distance from distal toe 
to lake surface) and moraine 
width (horizontal distance from 
distal toe to lakeshore) 
Slope from crest to distal toe of 
moraine dam 

Vegetation (grass, shrubs, trees) 
on moraine dam - contiguous or 
discontiguous 
Moraine dam type - ice-cored or 
ice-free 
Bedrock lithology surrounding 
andlor upstream of lake - 
granitic, volcanic, sedimentary, 
metamorphic 
Horizontal distance between 
glacier snout and nearest 
lakeshore 

Elevation difference between 
lake surface and glacier snout 

Slope from glacier snout to 
nearest lakeshore 

Lowermost 500 m of glacier - 
crevassed or crevasse-free 
Horizontal distance between left 
and right margin of glacier in 
contact with lake 

Slope of lowermost 500 m of 
glacier 
Evidence of snow avalanches 
entering lake (remnant 
avalanche debris, vegetation 
trimlines, or avalanche gully at 

Huggel et al. 
(2004) 

Chen et al. (1999) 
Clague and Evans 
(2000); Huggel et 
al. (2002) 

Chen et al. (1999) 

Costa and 
Schuster ( I  988); 
Goldsmith (1 998) 
Kattelmann 
(2003) 
Blown and Church 
(1985); this study 

Ding and Liu 
(1 992); Chen et 
al. (1999) 

Slingerland and 
Voight (1 982) 

Ding and Liu ' 

(1 992) 

Ding and Liu 
(1 992) 
Lliboutry et al. 
(1 977); 
Richardson and 
Reynolds (2000) 
Alean (1 985) 

Ryder (1 998) 

- - 

lakeshore) - yes or no 



Table 2- 1, cont. 

N0.a Variable Code Data Data Unitsd Definition Referencee 
sourceb typec 

16 Landslides Lsld AP N - Evidence of landslides entering Evans (1987); 
enter lake lake (coherent deposit of Ryder (1 998) 

landslide debris) - yes or no 
17 Unstable lake UsLk AP N - Upstream ice-dammed lake, Huggel et al. 

upstream moraine-dammed lake, (2003) 
landslide-dammed lake, or 
bedrock-dammed lake situated 
beneath hanging glacier - yes or 
no 

18 Watershed Wshd TRIM C ha Watershed area above lake Clague and Evans 
area outlet (1 994) 

19 Lake type Lk AP N - Lake type, based on location, as Clague and Evans 
defined in Fig. 2-1 - type 1, 2 or 3 (2000) 

All measurements based on pre~utburst conditions. 
a See Fig. 2-4 for schematic definition of predictor variables. 
b AP = aerial photographs; TRlM = online 1:20 000-scale Terrain Resource Information Management topographic maps (Province 
of British Columbia, 2001); BCGS = online 1:250 000-scale British Columbia Geological Survey geological maps (Massey et al., 
2005); M = 1 :2 000 000-scale moraine type map (Dstrem and Arnold, 1970). 

C = continuous; N = nominal. 
d m = metres; ha = hectares (1 ha = 10 000 m2); O = degrees; - = unitless. 

Authors either directly cite variable as an important predictor of outburst probability or provide basis for its inclusion. 

efficient detection of lakes over large areas and provided the most recent and complete 

coverage. Even lakes that drained completely and suddenly several decades earlier could 

be easily identified by the gaping V-notch in their moraine dams, a signature of 

catastrophic moraine dam failure. Both qualitative and quantitative measurements were 

made using 1 : 15 000-scale, post- 1990 aerial photographs. 

Photogrammetric measurements were made using a mirror stereoscope and 

parallax bar, following techniques outlined by Lillesand and Kiefer (2000). By 

computing the magnitude of relief displacement on a point-by-point basis, it was possible 

to plot features in their planimetrically correct positions and thereby accurately measure 

horizontal distances (Table 2-2). The relief displacement of features such as moraine 

dams enabled heights to be determined using standard photogrammetric methods, though 

percent error increased with decreasing object height (Table 2-2). Lillesand and Kiefer 



Table 2-2. Comparison of aerial photograph-based photogrammetric measurements with field-based 
measurements. 

Terrain Distance Photogrammetric Field-based Percent 
No. Lake feature measure measurement (m) measurement (m) error (%) a 

C) 2 Queen Bess 

64 East Granite 

101 Boomerang 

189 Soo Lower 

285 Salal 

306 Nichols 
306 Nichols 

306 Nichols 

2 Queen Bess 

2 Queen Bess 

2 Queen Bess 

64 East Granite 

189 Soo Lower 

285 Salal 

306 Nichols 

306 Nichols 

Narrow 
terminal 
moraine 
width 
Debris fan 
width 
Moraine 
width 
Lake outlet 
to tributary 
lake outlet 

Lakeshore 
to lateral 
moraine 
crest 
Lake length 
Moraine 
width 
Nearby lake 
length 
Lake 
surface to 
moraine 
crest 
Freeboard 
of pond in 
lateral 
moraine 
Freeboard 
of pond in 
terminal 
moraine 

Moraine 
breach 
height 
Moraine 
breach 
height 
Lake 
surface to 
moraine 
crest 
Moraine 
height 
Moraine 
height 

Horizontal 54 55 

Horizontal 

Horizontal 

Horizontal 

Horizontal 

Horizontal 
Horizontal 

Horizontal 

Vertical 

Vertical 

Vertical 

Vertical 

Vertical 

Vertical 

Vertical 

Vertical 

a Percent error = [ lphotogrammelric measurement - field measurement1 I field measurement] ' 100% 



(2000) point out five assumptions implicit in the use of the method: (1) aerial 

photographs are truly vertical; (2) flying height is accurately known; (3) objects are 

clearly visible; (4) principal points are precisely located on the photographs; and (5) the 

measurement technique used has an accuracy consistent with the degree of relief 

displacement involved. To increase the precision and consistency of photogrammetric 

measurements, all parallax bar readings were repeated until three consecutive readings 

were within 0.05 mm of each other, which corresponds to a ground feature height 

uncertainty of about 2-3 m on 1 : 15 000-scale photographs. 

Some measurements, including lake area and watershed area, were made from 

online 1 :20 000-scale Terrain Resource Information Management (TRIM) topographic 

maps (Table 2-1) (Province of British Columbia, 2001), which are based on late 1980s to 

early 1990s aerial photographs of the study area. The use of TRIM maps, which, in some 

cases, were based on aerial photographs with different dates from those used for 

photogrammetric measurements, is justified for the measurement of lake and watershed 

area because changes in lake area within this period are negligible and watershed area is 

invariable. Although measurable through photogrammetric methods, glacier snout 

steepness was also measured from TRIM maps because only an approximate average 

gradient over the lowermost 500 m of the glacier was required. To verify that using 

photogrammetric measurements for such a coarse measurement is unnecessary, I changed 

a random selection of glacier snout steepness values and re-ran the statistical analysis. 

Because no major systematic differences in glacier snout steepness were observed 

between drained and undrained lakes, the changes had no effect on the model. 



The main rock type forming each moraine dam, which was assumed to be the 

same as the upslope lithology, was determined from online 1 :250 000-scale British 

Columbia Geological Survey (BCGS) geological maps (Table 2-1) (Massey et al., 2005). 

The relatively coarse level of detail provided by these maps was sufficient, given the 

study area's location within the Coast Plutonic Complex (Monger and Journeay, 1994), 

because most moraine dams are entirely surrounded by granitic bedrock. In the few cases 

where the BCGS maps indicated the presence of more than one bedrock lithology 

upstream of the moraine dam, a comparison of bedrock attributes visible in the aerial 

photographs with the BCGS map polygons confirmed the bedrock origin of rock debris 

forming the moraine. 

Moraine dam type for about half of the lakes in the study area is based on 0strem 

and Arnold's (1970) 1 :2 000 000-scale map of ice-cored and ice-free moraines in 

southern British Columbia (Table 2- 1). For moraine dams that are not shown on 0strem 

and Arnold's map, assignment was based on a combination of several criteria they outline 

for distinguishing ice-cored from ice-free moraines using aerial photograph 

interpretation: (1) a moraine with a rounded surface with minor superimposed ridges, 

indicative of flow or creep, was assumed to be ice-cored; (2) a disproportionately large 

end moraine in front of a small glacier was suspected to be ice-cored; and (3) a narrow, 

sharp-crested moraine was interpreted to be ice-free (Fig. 2-3). Through ground truthing 

for a similar study in Scandinavia, 0strem (1964) found the assumptions concerning the 

presence or absence of an ice core "could generally be confirmed." Because few moraine 

dams in 0strem's (1964) study were misclassified using the criteria outlined above, I 

suspect a similarly small number of moraine dams in the study area were misclassified. 



Fig. 2-3. Typical (a) ice-cored and (b) ice-Free moraine dams in the southern Coast Mountains. Aerial 
photographs (a - 30BCC97 175- 156; b - 30BC79069- 190) reproduced with permission of the Province of 
British Columbia. 

To test the effect of misclassification of moraine type, I re-ran the statistical analysis after 

switching the moraine types of a random selection of 5% of the moraine dams. The main 

results did not change. 

I conducted field investigations in the summer of 2004 to verify the aerial 

photograph observations and measurements, to quantify the error between field 

measurements and remotely sensed data, to assess changes in some lake-glacier systems 

since the aerial photographs were taken, and to make first-hand observations to better 

understand what conditions may predispose a moraine dam to fail. Twenty-five drained 

and undrained lakes, ranging in size from one hectare to about 200 hectares, were visited. 

Financial constraints and the remoteness of most lakes precluded detailed surveys of lake 

bathymetry and moraine dam morphology, thus the focus in the field was to ground truth 

remote measurements (Table 2-2). 



I identified 175 moraine-dammed lakes in the study area (Appendices A-D). 

Ninety percent of the lakes are type l ,7% are type 2, and 3% are type 3 (Fig. 2-1). Only 

10 of the 175 lakes had drained or partially drained. Event occurrences (in this case 

drained lakes) are statistically more informative than non-occurrences (undrained lakes) 

(King and Zeng, 2001), thus the predictive capability of the statistical model would be 

compromised unless the number of drained lakes in the database could be increased. To 

address this problem, I could have expanded the study area until enough drained lakes 

had been identified to validate the statistical analysis. However, to increase the number 

of drained lakes to 20 would require roughly doubling the study area, which was not 

feasible. Time and financial constraints necessitated an expansion of the database with 

drained lakes from outside the initial study area, within the Pacific Northwest. Six 

drained lakes fiom British Columbia and four drained lakes and one undrained lake from 

Washington and Oregon were added (Appendix E). Qualitative and quantitative 

measurements for the 20 drained lakes and 166 undrained lakes provided the data set for 

statistical analysis. 

2.6 Candidate predictor variables 

A predictor variable is a variable that is used to predict the value of another 
' 

variable. Thus, candidate predictor variables, which are selected given their potential for 

explaining lake status, are the initial list of variables on which statistical analysis is based. 

I chose candidate predictor variables on the basis of previously published accounts of 

moraine dam failures and field observations. Variables were only included if they met 

three criteria. First, variable measurement had to be objective. Repeat measurements 

should be consistent, and different analysts should obtain similar results. Second, only 



variables with a physical basis for inclusion were included. Third, variables could be 

measured on aerial photographs or maps. 

Some potentially important predictor variables had to be excluded because they 

could not be measured remotely. Lake bathymetry, which influences the propagation and 

run-up of displacement waves caused by rock and ice falls (Kershaw et al., 2005), 

requires field surveys and thus was excluded. Geotechnical characteristics of the moraine 

dam, which may affect its resistance to erosion due to overflow, can also only be assessed 

in the field and lab. Seepage through the moraine dam, which can initiate piping failure 

(Lliboutry et al., 1977; Huggel et al., 2003), cannot reliably be observed on aerial 

photographs. 

Remotely measurable variables that are either spatially homogeneous within the 

study area or are difficult to objectively quantify were also excluded. The seismicity of a 

region, for example, would intuitively be included as a candidate predictor variable. An 

earthquake can destabilize a moraine dam (Lliboutry et al., 1977) or trigger an ice 

avalanche or rockfall that may enter the lake and generate displacement waves capable of 

overtopping the dam. Seismicity, however, differs little throughout my study area 

(Anglin et al., 1990) and is similar in central Oregon (USGS, 2003), where the foreign 

lakes incorporated into the statistical analysis are located. Therefore, seismicity was 

excluded from the list of candidate predictor variables. Huggel et al. (2004) include the 

local frequency of "extreme meteorological events" (high temperature and precipitation) 

as a predictor variable in their subjective scheme for estimating a "qualitative 

probability" of outburst. Storm- and snowmelt-induced runoff have been cited by several 

authors as a trigger mechanism for moraine dam failure (e.g., Lliboutry et al., 1977; 



Yamada, 1998). Unfortunately, however, isohyet maps of short-duration, intense 

rainstorms, which provide the best spatial quantification of "extreme meteorological 

events," are unavailable for moraine dams in British Columbia due to the scarcity of 

climate stations capable of measuring continuous rainfall (Canadian National Committee 

for the International Hydrological Decade, 1978). The sudden collapse of the snout of 

Diadem Glacier into Queen Bess Lake on one of the hottest days of the year (Kershaw et 

al., 2005) demonstrates the need for an expanded network of meteorological stations in 

southwestern British Columbia, particularly in areas where a lake outburst could impact 

humans. 

After excluding predictor variables that require field measurement and those that 

are spatially homogeneous or difficult to objectively quantify, the number of candidate 

predictor variables was reduced to 19 (Table 2-1). Figure 2-4 provides a schematic 

definition of the 19 predictor variables. Four of the variables relate to the lake, five to the 

moraine dam, six to the glacier, and four to the basin. The candidate predictor variables 

include both continuous and nominal data (Table 2- 1). 

2.7 Development of the predictive model 

The number of possible multivariate statistical procedures that can be applied to 

the data set is limited by the type and distributional form (e.g., normal or binomial) of the 

data. The simplest statistical prediction method uses contingency table analysis, in which 

the discrete categories of one or more predictor variables are cross-tabulated with each 

state of the dichotomous dependent variable (Ohlmacher and Davis, 2003), which is 

capable of having only one of two possible values. The proportion of tallies in each cell 

of the table can be interpreted as conditional outburst probabilities, given a state of the 
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Fig. 2-4. Nineteen candidate predictor variables. Numbers are cross-referenced to those in Table 2-1: (1) 
lake freeboard, (2) lake freeboard-to-moraine crest height ratio, (3) lake area, (4) moraine height-to-width 
ratio, (5) moraine distal flank steepness, (6) moraine vegetation coverage, (7) ice-cored moraine, (8) main 
rock type forming moraine, (9) lake-glacier proximity (horizontal distance), (10) lake-glacier relief (vertical 
distance), (1 I) slope between lake and glacier, (12) crevassed glacier snout, (13) glacier calving front 
width, (14) glacier snout steepness, (15) snow avalanches enter lake, (16) landslides enter lake, (17) 
unstable lake upstream, (1 8) watershed area, and (19) lake type. 

predictor variable. In this case, however, the large number of predictor variables makes 

contingency table analysis unwieldy. 

Discriminant analysis classifies individuals into mutually exclusive groups on the 

basis of a set of independent variables (Dillon and Goldstein, 1984). Linear 

combinations of the independent variables are derived that will discriminate between 



groups by maximizing between-group variance and simultaneously minimizing within- 

group variance. Press and Wilson (1 978) strongly discourage using discriminant analysis 

in situations, such as in this study, where at least one independent variable is nominal, 

thereby violating the assumption of multivariate normality. 

Linear regression is perhaps the most commonly used method for predicting the 

value of a dependent variable from observed values of a set of predictor variables (Dillon 

and Goldstein, 1984). Although the method can be generalized to include nominal 

predictor variables, linear regression requires that the dependent variable be normally 

distributed and continuous. In situations such as this study, where the dependent variable 

is dichotomous and the predictor variables are either continuous (e.g., moraine height-to- 

width ratio) or nominal (e.g., main rock type forming the moraine), the most appropriate 

multivariate statistical method is logistic regression. 

Logistic regression is an extension of linear regression, developed for situations in 

which the dependent variable is dichotomous rather than continuous. In linear regression, 

one estimates or predicts the mean value of the response corresponding to a particular set 

of values for the predictor variables (Pagano and Gauvreau, 2000). In this study, where 

the response is dichotomous, the objective is to estimate the probability that a lake will be 

classified into one category as opposed to another, given a particular set of predictor 

variables. Each lake can be represented by a dichotomous variable, Y, which indicates 

whether a lake is drained (Y = 1) or undrained (Y = O), and n independent variables, XI, 

X2, . . . , Xn. Because Y is dichotomous, the probability that Y = 1 is also the expected 

value of Y, given XI, X2, . . . , Xn; that is, P(Y = 1) is the regression against XI, X2, . . . , Xn 



(Dai and Lee, 2003). By definition, P(Y = 1) is restricted to values between zero and one, 

and, because dichotomous categories are mutually exclusive, P(Y = 0) = 1 - P(Y = 1). 

I wish to estimate P(Y = l), given a set of independent variables. Therefore, an 

initial attempt is made to directly model P(Y = 1) by regression: 

where a is the intercept and Pi are the regression coefficients estimated from the data. 

Such a model, however, can yield both positive and negative values outside the 

probability limits. This problem can be partly circumvented by regression modelling of 

the odds, which are defined as the ratio of the probability that something occurs to the 

probability that it does not occur: 

Although the odds are a ratio with no fixed maximum, they can have a minimum value of 

zero. This problem is circumvented by taking the natural logarithm of the odds, called 

the logit of Y, thereby producing a variable that has no numerical limits: 

Logit(Y) approaches negative infinity as the odds decrease from one to zero, and positive 

infinity as the odds become increasingly larger than one. Although the probability, the 

odds, and the logit are three ways of expressing the same thing, the logits have no 

constraints that would otherwise make it impossible to use regression in a predictive 

model (Ohlmacher and Davis, 2003). 

By converting logit(Y) back to the odds and then the odds back to P(Y = I), I 

derive the logistic regression equation: P(Y = 1) = exp(a + PIXl + P2X2 + . . . + P,JJ[~ + 



exp(a + PIXI + P2X2 + . . . + PJ~)]. Further simplification produces a succinct expression 

from which moraine-dammed lake outburst probability can be estimated in terms of the 

variables XI, X2, . . . , X,: 

Linear regression coefficients are estimated using ordinary least squares, whereas 

logistic regression coefficients are estimated using the maximum likelihood method. 

Maximum likelihood estimation, in a general sense, yields values for the unknown 

coefficients that maximize the probability of obtaining the observed set of data (Hosmer 

and Lemeshow, 2000). Because the relation between the independent predictor variables 

and outburst probability is non-linear, logistic regression software uses iterative methods 

to estimate coefficients. 

The relative performance of different logistic regression models can be evaluated 

using a test statistic called the negative log-likelihood, which has approximately a chi- 

square distribution (Ohlmacher and Davis, 2003). The negative log-likelihood of the 

reduced (intercept-only) model is compared to that of the fitted model. If the difference 

between the negative log-likelihood of each model passes a chi-square test of 

significance, the fitted model better describes the data than the reduced model. The 

output from logistic regression software closely resembles analysis of variance tables 

used to test linear regression coefficients, except that the test statistic follows a chi-square 

distribution rather than an F distribution (Ohlmacher and Davis, 2003). 

I performed logistic regression with the software JMP v. 5 (SAS Institute Inc., 

2003). Variables were selected using a forward stepwise procedure to ensure that the 

most parsimonious model was generated and to reduce the chance that two strongly 



correlated variables were entered into the model (Quinn and Keough, 2002). In a forward 

stepwise procedure, variables are entered into the model one at a time, beginning with the 

statistically most important. After each step, the model is re-evaluated to determine 

whether additional variables should be entered. The re-evaluation is done by comparing 

the negative log-likelihood of the model before and after the addition of each variable 

(Dai and Lee, 2003). For this study, a variable under consideration was only entered into 

the model if the significance was less than a "probability to enter" of 0.05. The process 

continued until further addition of variables did not significantly improve the model's 

predictive capability. 

2.8 Modelling results 

According to the forward stepwise logistic regression, moraine-dammed lake 

outburst probability in southwestern British Columbia is best predicted by four variables 

(Tables 2-3 and 2-4). In order of their entry into the model, the variables are moraine 

height-to-width ratio (Mhw), presencelabsence of an ice core in the moraine (IceC), lake 

area (Area), and main rock type forming the moraine (Geol). Continuous predictor 

variables with positive and negative coefficients have, respectively, independent positive 

and negative correlations with outburst probability (Table 2-4). All predictor variables 

are statistically significant at the 0.05 level, but Mhw is highly significant (p<0.0001) 

(Table 2-3). 



Table 2-3. Wald tests of the significance of predictor variables 
in the outburst probability model. 

Order of Degrees Wald Prob> 
Variable stepwise entry of freedom Chi-square Chi-square 
Mhw 1 1 17.34 <0.0001 
lceC 2 1 4.71 0.0300 
Area 3 1 4.70 0.0302 
Geol 4 3 9.25 0.0261 

Table 2-4. Regression coefficients estimated 
for the outburst probability model. 

Variable Category Coefficient 
Intercept - -7.11 (a) 
Mhw 
IceCj: Ice-free 

Ice-cored 
Area 
Geolk: Granitic 

Volcanic 
Sedimentary 
Metamorphic 

The formula for estimating outburst probability can be expressed, using equation 

(4), as: 

P(Y = 1) = { 1 + exp-[a + PI(Mhw) + C fi(IceC,) + 

where a is the intercept, and Dl,  /?z, fi, and Pk are regression coefficients for Mhw, Area, 

IceC, and Geol, respectively (Table 2-4). The measured values of continuous variables 

Mhw and Area can be entered directly into the equation. In contrast, indicator variables 

must be used for the nominal variables IceC and Geol. IceC, equals 1 if the moraine dam 

is ice-cored and 0 if the moraine dam is ice-free, and Geolk equals 1 if the main rock type 

forming the moraine dam is k and 0 otherwise (Table 2-4). The significance of the fitted 



logistic regression model was tested by comparing the negative log-likelihood of the full 

model to that of the reduced (intercept-only) model. The result is highly significant 

(p<0.0001, Table 2-5). Application of the formula to all lakes in the study area generated 

a distribution of probability estimates ranging from 6.1 x 1 o - ~  to 77% (Fig. 2-5). Only 

lakes with moraine dams composed of metamorphic rock material, however, have 

outburst probability estimates less than 0.2%. 

Table 2-5. Maximum negative log-likelihood values for testing the significance of probability models. 
Whole model test 

Degrees Chi- Frob> 
Model -Log-likelihood of freedom square Chi-square 
Difference 19.65 6 39.31 <0.0001 
Fitted 43.83 
Reduced (intercept-only) 63.48 

Fig. 2-5. Histogram showing the distribution of outburst probability estimates derived from the logistic 
regression model. 



2.9 Predictive capability of the model 

A statistical model's predictive capability must be evaluated before it can be used 

in hazard assessments. Ideally, predictive success is assessed by applying the model to 

an independent data set in the study area from which the training sample was taken. 

Unfortunately, too few drained lakes exist in the study area to set aside a portion for 

subsequent model validation. If data are limited, it is preferable to base a statistical 

model on all the data than to generate a model from a portion of the available data and set 

aside the remainder for validation (I. Bercovitz, personal communication, 2005). My 

model's predictions were therefore cross-validated with the observations on which the 

model was based. 

In order to determine the proportion of successful predictions, I initially used an 

outburst probability cut-off value of 50%, above which lakes are classified as drained and 

below which lakes are classified as undrained. A 50% cut-off value is the default in most 

statistical programs (e.g., JMP, SAS Institute Inc., 2003) and commonly used in the 

literature (e.g., Dai and Lee, 2003). Based on this cut-off, the logistic regression model 

correctly predicts 99% of the undrained lakes, but only 40% of the drained lakes; the 

overall predictive accuracy is 92% (Table 2-6). Begueria and Lorente (2002) state that an 

overall accuracy greater than 70% is good in most classification applications. 

The proportion of true positives (40%) is referred to as the model's sensitivity; the 

proportion of true negatives (99%) is the model's specificity. The trade-off between a 

model's sensitivity and specificity is illustrated in the receiver operating characteristic 

(ROC) curve (Fig. 2-6). An ROC curve is a plot of a predictive model's sensitivity 

versus its false positive (i.e., 1 - specificity) rate, according to all possible classification 



Table 2-6. Cross-validation of logistic regression model based 
on (a) a default 50% probability cut-off and (b) a 19% probability cut-off. 

(a) 50% probability cut-off 

Observations Total 

0 (undrained) 1 (drained) 

0 (undrained) 164 
99% 

Predictions 
I (drained) 2 

1% 

Total 166 20 186 
(b) 19% probability cut-off 

0 bservations Total 
0 (undrained) I (drained) 

0 (undrained) 150 
90% 

Predictions 
I (drained) 16 

10% 

Total 166 20 186 
Notes: Probability cut-off is the threshold above which lakes are classified as drained and below which 
lakes are classified as undrained. Model specificity and sensitivity are 9g0/0 and 40%, respectively, for (a) 
and 90% and 70%, respectively, for (b). 

to I 9% cu t-off 
0.3 - 

i 

I - Specificity 
(proportion of false positives) 

Fig. 2-6. ROC curve for logistic regression model (see text for explanation). The point closest to the 
upper-left comer of the diagram corresponds to a probability threshold of 19%. The area under the ROC 
curve is 0.869. 



cut-off values (Austin and Tu, 2004). The area under the ROC curve provides a measure 

of the model's diagnostic ability (Hanley and McNeil, 1982). A straight line with a 45' 

slope represents a model with no predictive capability (area under the curve is 0.5). In 

contrast, a vertical line coincident with the sensitivity axis represents a model that 

correctly predicts all cases (area under the curve is 1.0). The area under this model's 

ROC curve is 0.869, which is comparable to values reported for successful predictive 

models in other disciplines (Austin and Tu, 2004). 

The arbitrary probability cut-off threshold can be decreased to increase the 

sensitivity, or conservativeness, of a model for use in hazard assessments. A more 

sensitive model, however, will generate more false positives. Pagano and Gauvreau 

(2000) recommend decreasing the threshold to the point on the ROC curve closest to the 

upper-left corner, which corresponds to the probability threshold that simultaneously 

maximizes sensitivity and specificity, 19% in this study. 

Both the specificity and sensitivity of the model change if a probability threshold 

of 19% instead of the default 50% is used to evaluate the model's predictive success. 

The specificity decreases slightly to 90%, which corresponds to an increase in the number 

of false positives, but the sensitivity improves substantially to 70% (Table 2-6). With a 

19% cut-off, the logistic regression model now correctly classifies 14 of the 20 drained 

moraine-dammed lakes in the study area (Fig. 2-7). 

Given the number of possible trigger mechanisms for moraine dam failures and 

the relatively small sample size on which the predictive model is based, I recommend 

categorizing probability estimates. Using probability ranges or intervals instead of 

discrete values ensures that estimates do not convey more precision than is warranted. 



I 186 lakes 1 

Drained Undrained Observed undrained ObseWed drained prior probability prior probability 
20 = 0.11 = 0.89 1 66 

Drained Undrained 
classification classification 

16 I50 

Drained Undrained 
Results of predictive model classification 

Fig. 2-7. Schematic representation of the performance of the logistic regression model as a predictor of 
outburst probability, based on a 19% probability cut-off value (based on Pagano and Gauvreau, 2000, Fig. 
6.3). 

Numerous researchers arbitrarily categorize probabilities, particularly for display 

purposes (e.g., Dai and Lee, 2003), but a curve showing the cumulative percentage of 

drained lakes versus probability provides a more objective basis for defining probability 

thresholds. Outburst probabilities are best classified as very low (<6%), low (6-12%), 

medium (12-1 8%), high (18-24%), and very high (>24%), based on the probabilities of 

the breaks in slope in Fig. 2-8. The few drained lakes that have "low" or "very low" 

outburst probability estimates (Fig. 2-8, Appendices A and D), based on pre-outburst 

conditions, have no unusual characteristics that lead to the erroneous probabilities. Their 

low estimates are simply attributed to their relatively broad moraine dams, a 

characteristic that is heavily weighted by the logistic regression model (Table 2-4). 

I demonstrate the application of the model retrospectively by presenting the four 

relevant measurements and resulting probability equation for an unnamed lake above the 

Gilbert Glacier in the southern Coast Mountains that partially breached its moraine dam 



100 90 80 70 60 50 40 30 

Outburst probability (%) 

Fig. 2-8. Distribution of outburst probability estimates for drained lakes in the statistical database. The 
black curve is the cumulative percentage of drained lakes based on outburst probability estimates. Breaks 
in the slope of this curve, for example at 6%, provide an objective basis for defining probability categoriel 
(top of graph). 

sometime between July 29, 1965 and September 1 1, 1977 (Fig. 2-9; see Fig. 1-1 for 

location). A conspicuous strandline visible in aerial photographs taken on September 3, 

2003 (Fig. 2-9) indicates that the lake had an area of 4.0 ha prior to its outburst. Its ice- 

pee  moraine dam is composed of volcanic rock and had a height-to-width ratio of about 

0.3. Substituting the continuous variable pre-outburst values and appropriate nominal 

variable indicator values into equation (5), P(outburst) = { 1 + exp-[-7.11 + (9.46)*(0.3) t 

(1.23)*(1) + (0.016)*(4.0) + (3.15)*(1)])-', yields a "very high" outburst probability of 

52%. 



Fig. 2-9. Unnamed moraine-dammed lake above the Gilbert Glacier in the southern Coast Mountains 
(black star in Fig. 1-1) (a) before and (b) after a partial outburst. Aerial photographs (a - BC1218-22; July 
17, 1950; b - 30BCC03025-54; September 3,2003) reproduced with permission of the Province of British 
Columbia. Other aerial photographs constrain the date of the outburst to between July 1965 and September 
1977. 

2.10 Discussion 

2.10.1 Implications of the four-predictor-variable logistic regression model 

The entry of only four predictor variables into the logistic regression model has 

important in~plications. According to the model, the outburst probability of a given lake 

in my study area depends most on ~Mhw (Table 2-3). The implication of the positive 

regression coefficient, that outburst probability increases as moraine dams become higher 

and narrower, supports qualitative assessments of conditions that predispose a moraine 

dam to fail (Chen et al., 1999; Clague and Evans, 2000; Richardson and Reynolds, 2000; 

Huggel et al., 2004). Water flowing over a narrow moraine dam need erode only a small 

volume of sediment from the distal flank and crest before incision reaches the lakeshore 

and catastrophic failure begins. 

Area, another variable in the logistic regression model, also has a positive 

regression coefficient. Thus, all other things being equal, outburst probability in the 



study area increases with increasing lake area. Although the surface area of a lake, in 

itself, does not affect outburst probability, Area was included because it is proportional to 

lake volume (O'Connor et al., 2001; Huggel et al., 2002) and, probably, lake depth at the 

moraine dam. I interpret the significance of Area in the model as an indication that a lake 

with a relatively large surface area and, therefore, greater depth and volume is more 

susceptible to catastrophic drainage due to high hydrostatic pressure on the moraine dam. 

Furthermore, the rate at which lake outflow discharge decreases over time during the 

breaching process is slower for lakes with large areas (Walder and 07Connor, 1997). 

Therefore, large lakes have an increased likelihood of self-enhancing breach growth. 

The entry of Geol into the final model implies the composition of the moraine 

dam may influence outburst probability. Clague and Evans (2000) imply that moraine 

dams with a large proportion of boulders will better resist catastrophic incision of their 

outlet channels than dams composed mainly of sand and pebble-cobble gravel. 

Therefore, bedrock that is prone to intense glacial comminution may form especially 

erodible moraine dams. In my study area, moraine dams composed dominantly of 

sedimentary rock debris have a higher likelihood of failure than dams composed of more 

competent or resistant rock debris. An observation that supports the inclusion of Geol in 

the model is that some drained lakes are surrounded by numerous slope failures 

originating in morainal debris of the same bedrock type as their breached moraine dams. 

This finding suggests that a moraine's composition may predispose it to fail. The 

dependence of the outburst probability model on Geol highlights the need for field 

investigations in addition to remote hazard assessments. Through on-site and subsequent 

laboratory analysis, one could determine whether any significant differences exist 



between the grain size distributions of breached and intact moraine dams. The proportion 

of boulders in a moraine dam, for example, may be a significant predictor of a lake's 

outburst probability. 

Several implications of the four-predictor-variable model described above seem 

counterintuitive. The model suggests, all other things being equal, that ice-cored moraine 

dams are less likely to fail than ice-free moraine dams (Table 2-4). This result indicates 

that the model does not capture the temporally related increase in moraine dam failure 

potential as a moraine is downwasting due to ice core melting (Richardson and Reynolds, 

2000). Reynolds et al. (1998), Richardson and Reynolds (2000), and Yesenov and 

Degovets (1979) have shown, however, that increased permeability and subsidence of 

ice-cored moraine dams due to melting can increase a dam's susceptibility to catastrophic 

failure. Three possible explanations for the model's contradictory implication are 

suggested. First, ice-cored moraine dams in the study area are smaller than those that 

have failed in the Himalayas (Watanabe et al., 1994) and, therefore, undergo only minor 

subsidence through melting. Second, most ice-cored moraine dams are broader and more 

rounded than ice-free dams (0strem and Arnold, 1970) and thus are more slowly eroded 

by overflowing water. Third, a moraine dam containing a solid ice core may better resist 

incision during anomalous overflow events than a moraine dam comprising only 

unconsolidated sediment because the rate of mechanical erosion through unconsolidated 

sediment exceeds the rate of thermally induced incision through ice in subaerial 

environments. 

The absence in the model of all six candidate predictor variables associated with 

glaciers (Tables 2-1 and 2-3) implies that a lake's susceptibility to ice avalanches is, in 



itself, not a good indicator of its outburst probability. Exclusion of all glacier-related 

predictor variables was unexpected, given that ice avalanche impact waves triggered at 

least 53% of the catastrophic moraine dam failures in the Himalayas in the twentieth 

century (Richardson and Reynolds, 2000) and at least four of the nine documented 

failures in British Columbia (Clague and Evans, 2000). One possible explanation is that 

the proportion of drained moraine-dammed lakes situated beneath glaciers is not 

significantly different from the proportion of undrained lakes situated beneath glaciers. 

Many authors have emphasized the contribution of topographic setting to a 

moraine-dammed lake's likelihood of draining catastrophically (Lu et al., 1987; 

Richardson and Reynolds, 2000; O'Connor et al., 2001). O'Connor et al. (2001) 

schematically illustrate three different "topographic-setting criteria" for evaluating the 

potential for a moraine dam to fail. My model suggests, however, that the moraine dam 

itself may contribute most to outburst probability. Not only is Mhw entered first in the 

stepwise procedure (Table 2-3), but the three other predictor variables in the final logistic 

regression model relate to the moraine dam. Mhw, ZceC, and Geol are descriptive 

characteristics of the moraine, established during its formation. Area depends on moraine 

height (O'Comor et al., 2001). The significance of this finding is that on-site hazard 

assessments of moraine-dammed lakes may overemphasize the importance of the 

topographic setting and underemphasize the importance of the moraine dam itself. 

The four predictor variables that were entered into the final logistic regression 

model best classify the lakes in my study area as undrained or drained according to their 

observed status. One cannot say with certainty, however, that these variables are, in fact, 

true independent predictors of outburst probability in the study area without first 



performing bootstrap resampling (Austin and Tu, 2004). The premise of bootstrap 

resampling, in this application, is that only those predictor variables that are consistently 

entered into models generated from hundreds to thousands of randomly selected 

subsamples of the original data set are true independent predictors of outburst probability. 

Although bootstrap resampling could indicate that variables that were unexpectedly 

entered into the model such as IceC or Geol should be removed from the model, the 

observed set of data in this study is best explained with their inclusion. 

2.10.2 Implications of a drained lake classification 

The main goal of this research was to identify moraine-dammed lakes in 

southwestern British Columbia that have a high probability of catastrophic drainage. 

Therefore, the classification of an undrained lake as drained does not represent a flaw in 

the predictive model. According to Begueria and Lorente (2002), false positives can be 

considered cases where a high probability of outburst exists, "but no events have been 

observed within the sample period, due to the rarity of the process" (p. 19). If a lake's 

outburst probability estimate is high or very high (> 18%), the lake is simply more similar 

to the drained lakes than to the undrained lakes on which the statistical model was based. 

In other words, the lake's moraine dam is more likely to fail catastrophically than it is to 

erode gradually over time. 

Land-use planners require an estimate of the period within which a moraine dam 

is likely or unlikely to fail. A common approach for estimating the probability of 

occurrence P of a debris flow in a particular channel or region, during a period of n years, 

uses the binomial formula (e.g., Jakob, 2005b), P(debris flow) = 1 - (1 - 1/Qn, where T is 

the return period of debris flows. This approach cannot be used to estimate the timing of 



a lake outburst, however, because moraine dam failures are generally non-recurrent. An 

alternative method that is appropriate for isolated events is needed. 

Initially, one may hypothesize that lakes with relatively high outburst 

probabilities will drain sooner than lakes with relatively low outburst probabilities. For 

instance, one may assume that a lake with an outburst probability estimate of 40% will 

breach its moraine dam before a lake with a probability estimate of 20%. If a correlation 

between outburst probability estimates and the time since lake formation for lakes to 

drain catastrophically could be established, periods within which moraine dam failure is 

or is not likely could be specified. The probability estimates for drained lakes were 

plotted against their approximate longevities to determine whether a relation exists 

between the outburst probability estimates and the time to failure. Lakes were assumed 

to form with the abandonment of Little Ice Age terminal moraines (-1 900 A.D. in the 

study area; Ryder and Thornson, 1986). The data revealed no statistically significant 

trend, but more accurate knowledge of lake longevities is clearly needed to provide a fair 

analysis. Until demonstrated otherwise, I conclude that the approach generates estimates 

of outburst probability, based on certain moraine dam characteristics, without implying a 

period within which moraine dam failure is or is not likely to happen. 

Although the period to which my probability estimates apply cannot be specified, 

I can provide land-use planners and decision makers with the probability that moraine- 

dammed lakes classified by the model as drained will actually drain catastrophically 

(positive test). According to Bayes' theorem, this conditional probability can be 

expressed as: 



where P(D) is the prior probability that a moraine-dammed lake will drain 

catastrophically, P(U) is the prior probability that a moraine dam will not drain 

catastrophically, P(T 1 D) is the sensitivity, and P(P I U) is 1 minus the specificity 

(Pagano and Gauvreau, 2000). After substituting appropriate values (Fig. 2-7) into 

equation (6), I determine P(D I y) is about 0.44. The probability that existing moraine- 

dammed lakes that have been classified as drained using logistic regression analysis will 

actually drain catastrophically is thus 44%. 

2.10.3 Changes to outburst probability over time 

The outburst probability of a moraine-dammed lake may change over time. Three 

of the four factors that best explain a lake's outburst probability may vary after the lake 

forms: (1) moraine dam height-to-width ratio, which, as defined in Fig. 2-4, changes as 

lake level fluctuates; (2) lake area, which changes as the glacier retreats or advances, or 

due to delta progradation; and (3) presencelabsence of an ice core in the moraine. Hazard 

assessments thus must be revised as conditions change. 

The most sudden change occurs when a lake partially breaches its moraine dam, 

achieving a new, lower level, with a new dam height-to-width ratio. The outburst 

probability of the lake perched above the Gilbert Glacier (Figs. 1-1 and 2-9), prior to the 

outburst that occurred between July 1965 and September 1977, was about 52%; after the 

outburst, however, the probability of a second outburst dropped to 29%. A partially 

breached moraine dam may actually be more stable than a dam that has never breached 

for two reasons. First, the bouldery lag that develops in the outlet channel during 

catastrophic incision and commonly prematurely terminates the first breach (Clague and 

Evans, 1992) may resist erosion during subsequent anomalous outflow events. Second, 



the gradient of the outlet channel through the breach is generally lower after the first 

breach than before it, thus outflowing water will have lower erosional competence. 

Outburst probability will change most after a drop in water level in lakes with narrow 

moraine dams, because the change in the ratio of moraine height (referenced to lake 

level) to width, will be large. 

Recognizing the time-dependent nature of outburst probability is an important 

aspect of using my assessment procedure. My method is based on data acquired through 

remote sensing and thus, strictly speaking, applies only to the instant the aerial 

photograph or satellite image was taken. Even relatively minor fluctuations in lake level 

caused by high runoff or prolonged drought can change the moraine height-to-width ratio 

and thus outburst probability. 

2.10.4 Potential sources of error 

The reliability and robustness of a statistical model depends, in part, on the 

quality of the data on which it is based. Erroneous predictions can arise from several 

possible aerial photograph interpretation errors. First, the type of dam impounding a lake 

may be misinterpreted due to snow cover, cloud cover, shadows, distortion due to high 

relief terrain, or the presence of a morainal veneer over bedrock. Second, 

photogrammetric measurements may be inaccurate due to limitations imposed by aerial 

photograph scale, object clarity, object size, and the skill of the interpreter (Avery and 

Berlin, 1985). In this study, percentage errors for vertical and horizontal distance 

measurements were evaluated by comparing aerial photograph and ground 

measurements. Vertical measurement error was particularly sensitive to object height. 

Percentage errors for objects more than 50 m high were consistently less than lo%, 



whereas errors for objects less than 10 m high reached 60% (Table 2-2). Features were 

plotted in their correct planimetric positions using Lillesand and Kiefer's (2000) 

approach for correcting for relief displacement on a point-by-point basis. Thus, 

percentage errors for horizontal distance measurements were generally less than 5% and 

never exceeded 10% (Table 2-2). Third, measurements of moraine width and, therefore, 

height-to-width ratio can be imprecise. Because the toe of the proximal flank of the 

moraine dam is commonly below the lake surface, moraine width was measured from the 

lakeshore to the toe of the distal flank of the moraine (Fig. 2-4). Identification of a 

moraine's distal toe was only difficult in rare cases where the break-in-slope at its base is 

gradual or subtle. As a result, height-to-width ratios of moraine dams with gentle 

proximal flanks, in particular, may be too large. Fourth, basing the classification of 

moraine type solely on aerial photograph interpretation is imperfect. Whereas almost all 

moraines interpreted by 0strem (1964) to be ice-cored did indeed contain ice cores, 

ground truthing revealed ice cores in a few of the moraines that he had classified as ice- 

free. Fifth, and perhaps most important, lake status can be equivocal. The criteria for 

classifying a lake as drained include a distinct V-notch in the moraine dam, a coherent, 

disproportionately large debris fan directly below the dam, and evidence of catastrophic 

flooding in the valley below. In a few cases, normal erosional and depositional processes 

and vegetative establishment make lake classification difficult. Lake misclassification 

may have a significant impact on the predictive model. 

Sample size, in a strict sense, is not a source of error, but it has an effect on model 

reliability. It is not unreasonable to base a statistical model on a data set of 186 lakes, but 

the results are more reliable where the proportion of ones (events) is similar to the 



proportion of zeros (non-events) (King and Zeng, 2001; Dai and Lee, 2003). In my 

study, only 20 out of 186 lakes produced outburst floods. Because statistical models such 

as logistic regression tend to underpredict the probability of rare events (King and Zeng, 

2001), it is not surprising that three-quarters of my outburst probability estimates are less 

than about 13% (Fig. 2-5). 

The distribution of observed values of a particular categorical predictor variable 

also can have a substantial effect on probability estimates. In my study, for example, 

none of the 1 1 lakes impounded by dams derived from metamorphic rocks has produced 

an outburst flood. As a result, the coefficient associated with metamorphic moraine dams 

is negative and, compared to the coefficients associated with other moraine dams, is large 

(Table 2-4). Outburst probability estimates for granitic, volcanic, or sedimentary moraine 

dams range from 0.2 to 77%, whereas estimates for metamorphic moraine dams range 

from 6.1 x to only 1.5%. Thus, my model yields low estimates of outburst 

probability for metamorphic moraine dams, regardless of the values of other predictor 

variables. A future expansion of my study area and database would facilitate 

development of an outburst probability model that is less biased by small sample size. 

Although error sources have been described separately, the errors themselves may 

compound. In some cases, for example, errors may compound such that the derived 

outburst probability is under- or overestimated. In other instances, errors may offset each 

other, thereby yielding a reasonable estimate of outburst probability. The diversity of 

error sources, degrees of uncertainty with which each is associated, and enhancing versus 

offsetting effect of multiple errors make quantifying compound errors difficult and 

beyond the scope of this study. 



2.10.5 Applicability of results 

In spite of the possible errors, the statistical model provides an objective and 

quantitative estimate of outburst probability. According to the model, Klattasine Lake, 

which drained catastrophically between June 197 1 and September 1973 (Clague et al., 

1985), indeed had a "high" outburst probability of 20% prior to the sudden failure of its 

moraine dam. The predictive model should not be incorporated into hazard assessments, 

however, without first acknowledging the issues that may limit its applicability. For 

example, incorporating drained lakes from outside the study area to increase the number 

of ones violates the otherwise random, or in this case complete, sampling scheme. The 

effect on the predictive model of supplementing the sample of drained lakes with foreign, 

although morphologically similar, drained lakes is uncertain. 

An approach based on remote sensing limits the use of my methodology to 

regions with similar data sources. Large-scale aerial photograph stereopairs or 

overlapping, very high resolution satellite images, from which moraine height can be 

accurately measured, are the minimum imagery needed for this approach. In regions 

such as the Alps, where access to moraine-dammed lakes is not difficult, field 

measurements can provide an alternative basis for statistical analysis. 

The empirical model for estimating outburst probability is applicable to the 

population from which the statistical sample was taken, that is lakes between Fraser and 

Klinaklini rivers in the southern Coast Mountains. The model must still be tested in 

neighbouring watersheds and regions with similar physiography and moraine dam 

morphologies to evaluate its applicability to other glacierized areas. I suspect, however, 

that application of the model to mountain ranges such as the Andes or Himalayas is 



inappropriate. Andean and Himalayan moraine-dammed lakes differ from those in my 

study area. They are commonly shadowed by steep slopes with local relief of thousands 

of metres, which influences the rate and magnitude of rockfalls and ice avalanches into 

the lakes. Second, Andean and Himalayan moraine dams are generally larger and more 

bulky than moraine dams in southern British Columbia (Richardson and Reynolds, 2000). 

Third, Andean and Himalayan lakes commonly form through coalescence of supraglacial 

ponds on stagnant, downwasting debris-covered glaciers (Watanabe et al., 1994; 

Richardson and Reynolds, 2000). Different mechanisms may control the catastrophic 

drainage of these ice-contact moraine-dammed lakes. In general, the reliability of the 

model is expected to decrease with increasing disparity in moraine-dammed lake 

characteristics. It is more appropriate to use the proposed methodology to develop a 

region-specific model for estimating outburst probability. 

Even within southwestern British Columbia, the model should only be used for 

preliminary assessments of outburst probability. The model has not been independently 

validated due to the rarity of outburst floods in the study area. Furthermore, follow-up 

field investigations may be necessary to identify unique, potentially hazardous conditions 

that cannot be documented through aerial photograph interpretation alone. The model 

does not eliminate the need for on-site measurements. Rather, it is designed to provide a 

method for objectively prioritizing the order in which detailed field investigations of 

potentially hazardous moraine-dammed lakes are carried out. 

2.1 1 Conclusion 

Few outburst floods from moraine-dammed lakes in British Columbia have 

caused significant damage to infrastructure or urban development, which can be 



attributed to the low development density in the Coast Mountains. However, as 

development advances into mountain valleys, the likelihood of economic losses and loss 

of life from outbreak events will increase if the hazard remains unmitigated. 

Accordingly, professional engineers and geoscientists will be required to complete 

assessments of hazards posed by moraine-dammed lakes. 

An objective method, based on measurements derived from aerial photographs 

and maps in combination with logistic regression analysis, is proposed for making 

preliminary assessments of the probability of catastrophic draining of moraine-dammed 

lakes. The method is quick, inexpensive, and yields reproducible results. The method 

selects variables that discriminate best between drained and undrained lakes. Logistic 

regression allows the conservativeness of predictions to be adjusted to suit different 

applications. 

The results of the statistical analysis suggest that large lakes impounded by 

narrow, ice-free moraine dams composed of debris derived from sedimentary rock have 

the highest outburst probabilities. Because a lake's outburst probability may change over 

time, especially with fluctuating lake levels, assessments of moraine dam failure potential 

must be revised as conditions change. Engineers and geoscientists could use the method 

as a screening tool for making preliminary assessments of outburst probability, but would 

need to follow the remote assessments with detailed field investigations and dam stability 

analysis. 



CHAPTER 3: 

A PROCEDURE FOR MAKING OBJECTIVE 
PRELIMINARY ASSESSMENTS OF OUTBURST FLOOD 

HAZARD FROM MORAINE-DAMMED LAKES 
IN SOUTHWESTERN BRITISH COLUMBIA 

3.1 Abstract 

Existing methods of evaluating the hazard posed by moraine-dammed lakes are 

unsystematic, subjective, and depend on the expertise and bias of the engineer or 

geoscientist. In this paper, a framework is proposed for making objective preliminary 

assessments of outburst flood hazard in southwestern British Columbia. The procedure 

relies on remote sensing methods and requires only limited knowledge of glacial, dam 

breach, and flood processes so that evaluations of outburst flood hazard can be 

incorporated into hazard assessments of glacierized regions. Objective approaches, 

which incorporate existing empirical relations applicable to the study region, are 

described for estimating outburst peak discharge, maximum volume, maximum travel 

distance, maximum area of inundation, and probability. Outburst flood hazard is greatest 

for large lakes that are impounded by large, narrow, ice-free moraine dams composed of 

sedimentary rock debris and drain into steep, sediment-filled gullies above major river 

valleys. Application of the procedure is demonstrated using three case studies, and 

outbreak flood hazard is shown to vary, especially with major changes in lake level. The 



assessment scheme yields reproducible results and enables engineers and geoscientists to 

prioritize potentially hazardous lakes for more detailed field investigation. 

3.2 Introduction 

Sudden large floods have resulted from the catastrophic failure of moraine dams 

in glacierized mountains throughout the world (Costa and Schuster, 1988), including the 

Cordillera Blanca, Peru (Lliboutry et al., 1977), Himalayas (Richardson and Reynolds, 

2000), and the Cordillera of western North America (Clague and Evans, 2000; O'Connor 

et al., 2001). Outburst floods from moraine-dammed lakes can be particularly destructive 

because large volumes of water are released over a short period, downstream valleys are 

commonly steep and locally V-shaped, large volumes of sediment are available for 

entrainment from, and downstream of, the dam, and most failures occur with little or no 

warning and thus are unexpected. 

Moraine dam failures in British Columbia have caused only minor damage (e.g., 

Blown and Church, 1985), but the likelihood that people will be affected by these events 

will increase as glacierized regions in the province &e further developed and settled. 

Mining and forestry operations, for example, commonly involve networks of access 

roads, which may be damaged by outburst floods. Numerous run-of-the-river 

hydroelectric facilities have recently been constructed on glacier-fed streams in British 

Columbia, in some cases with only cursory hazard assessments. Outdoor tourism 

companies are expanding their operations in British Columbia's rugged mountain 

landscapes. 



Outburst flood hazard can be reduced and even eliminated through mitigation 

measures. Engineers and geoscientists have successfully stabilized moraine dams in the 

Himalayas (Richardson and Reynolds, 2000), Andes (Lliboutry et al., 1977), and Swiss 

Alps (Haeberli et al., 2001) by armouring their surfaces with concrete and blocky fill, by 

constructing concrete trenches across the crest of the moraine dams, and by draining 

water out of lakes to increase freeboard, thus decreasing the possibility that displacement 

waves will overtop and incise the dams. Mitigation, however, is time-consuming, costly, 

and sometimes unsafe (Lliboutry et al., 1977), and it is not possible to prevent the sudden 

failure of all moraine dams. Safe development of mountainous regions, therefore, must 

rely on the ability of engineers and geoscientists to identify moraine-dammed lakes that 

pose a hazard. 

Methods used in British Columbia to assess outburst flood hazard, which can be 

defined as the product of outburst magnitude and probability (Fell, 1994), are currently 

unsystematic, inconsistent, and depend, to a large extent, on the background of the 

analyst. Assessments are generally either done subjectively and qualitatively, in which 

case the results are difficult to incorporate into the design of downstream engineering 

works, or they are done in such rigorous detail, even during preliminary investigations, 

that they are unnecessarily time-consuming and expensive. Without a geoscience 

background, the person doing the assessment may even be unaware of the potential 

hazard posed by moraine-dammed lakes. Sophisticated procedures, such as flow route 

modelling (Fread, 1996), may be used during later stages of hazard investigations, but 

preliminary hazard assessments generally rely on simple empirical relations. Huggel et 

al. (2004) provide the most comprehensive published procedure for assessing outburst 



flood hazard from moraine-dammed lakes, but it is partly subjective and based mainly on 

observations from outburst floods in the Swiss Alps. 

The purpose of this paper is to provide engineers and geoscientists with a 

procedure for making objective preliminary assessments of outburst flood hazard from 

moraine-dammed lakes in southwestern British Columbia. I describe methods that 

require only aerial photographs or satellite images for estimating outburst probability and 

four measures of outburst magnitude - peak discharge, maximum volume, maximum 

travel distance, and maximum area of inundation. Wherever possible, I incorporate 

existing published methods, after evaluating their applicability to my study area. I apply 

my procedure to 175 moraine-dammed lakes larger than one hectare in the southern 

Coast Mountains of British Columbia (Fig. 3-1) and demonstrate its application with 

three case studies. 

3.3 Flow characteristics of outburst floods 

To this point, I have used the term "outburst flood" loosely to refer to any mixture 

of sediment and water that flows down a channel during and immediately after the 

catastrophic draining of a moraine-dammed lake. Eyewitness accounts of outburst floods 

(Vuichard and Zimrnermann, 1987) and observations of outburst deposits (O'Connor et 

al., 2001; Kershaw et al., 2005) indicate, however, that there is a continuum of flow 

characteristics of outbursts from moraine-dammed lakes. At one end of the continuum 

are outburst floods that are water floods, exhibiting turbulence and having no shear 

strength (Costa, 1988). Outbursts that occur in relatively low-gradient and broad valleys 

(e.g., Nostetuko Lake, Blown and Church, 1985; Queen Bess Lake, Kershaw et al., 

2005), or in areas with little sediment available for entrainment, generate outburst 



Fig. 3-1. Study area showing locations of 175 moraine-dammed lakes larger than 1 ha. Lakes discussed 
in text are represented by unique symbols: Klattasine Lake (square), Scherle Lake (hexagon), Salal Lake 
(triangle), unnamed lake above Gilbert Glacier (star), and unnamed Jake in upper Soo River watershed 
(cross). Map projection is BC Albers. Map data provided by, and reproduced with permission of, the 
Province of British Columbia. 

floods or "debris floods" (Hungr et al., 2001). If the channel gradient downstream of the 

moraine dam is sufficiently steep and if sediment is readily available for entrainment, 

however, lake outbursts may transform into debris flows, which exhibit visco-plastic 

behaviour and are more than 50% sediment by volume (e.g., Klattasine Lake, Clague et 

al., 1985; Tats Lake, Clague and Evans, 1992). Debris flows are multiphase events that 

can transform their flow rheology several times during the event and increase and 

decrease their volume and peak discharge. 



The flow behaviour of outbursts has implications for hazard assessment. Whereas 

peak discharge is perhaps the most important measure of magnitude of an outburst flood, 

the most important measure of an outburst-generated debris flow depends more on the 

downstream elements at risk. Outburst-generated debris flow peak discharge is required 

in bridge design, for example, but the volume of debris delivered to the runout zone is 

crucial in the design of debris retention basins. Most empirical relations for predicting 

outburst flood peak discharge assume that the peak is achieved within the moraine 

breach. Outburst floods that transform into debris flows, however, may increase their 

peak discharge as they travel downstream (e.g., Broken Top, O'Connor et al., 2001; Tats 

Lake, Clague and Evans, 1992; Lake Weingarten, Huggel et al., 2003). Debris flows 

generally travel at higher velocities than outburst floods and are capable of transporting 

large boulders over greater distances (Pierson, 2005). However, the erosive capacity of 

outburst floods, especially those with sediment concentrations approaching the threshold 

of hyperconcentrated flow, may exceed that of outburst-generated debris flows (Pierson, 

2005). 

The question of whether an outburst will remain a flood or will generate a debris 

flow has serious hazard implications. For example, channels constructed on downstream 

fans may safely convey outburst floods with low sediment concentrations, but may 

become blocked by debris flows, sending subsequent surges of debris into developed 

areas (Costa, 1988). On the other hand, overly conservative mitigation structures are 

unnecessarily costly. 

Differences in the behaviour and potential consequences of outburst floods and 

outburst-generated debris flows require that evaluations of the hazard posed by moraine- 



dammed lakes acknowledge the possibility that an outburst flood will transform into a 

debris flow. To maintain procedure objectivity, I assume that an outburst flood will 

generate a debris flow in a channel downstream from a moraine-dammed lake that has 

sediment available for entrainment and at least one reach steeper than 10'. The 10' 

threshold is based on (1) the observation of Hungr et al. (1984) that erosion is dominant 

in debris-flow channels in southwestern British Columbia where the channel gradient 

exceeds about lo0 (Hungr et al., 1984) and (2) data on historic outburst-triggered debris 

flows in western Canada (Clague and Evans, 1994) and the Alps (Huggel, 2002). 

Wherever possible, I provide separate methods for assessing hazards of outburst floods 

and outburst-generated debris flows. 

3.4 Assessment procedure 

My outburst hazard assessment procedure can be summarized in a series of steps 

(Fig. 3-2). For all lakes, the procedure begins with estimation of outburst peak discharge, 

assuming a complete drainage scenario. If the gradient downstream of the lake does not 

exceed lo0, which means a debris flow is unlikely to form due to catastrophic lake 

drainage, then the assessment is complete once outburst probability is estimated. If the 

downstream valley gradient exceeds 1 0•‹, however, I assume the outburst will generate a 

debris flow, thus requiring estimation of maximum debris flow volume, travel distance, 

and area of inundation. The assessment concludes, as before, with the estimation of 

outburst probability. 
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Fig. 3-2. Summary flow chart of outburst flood hazard assessment procedure. See Chapter 2 for 
definition of variables used in the calculation of outburst probability. 



3.4.1 Outburst magnitude 

3.4.1.1 Peak discharge 

Outburst flood peak discharge is the maximum instantaneous volume of water and 

sediment that passes a particular point in a channel. An estimate of peak discharge is 

required for the design of bridges, culverts, and channelization works (Jakob, 2005a). 

Outburst floods generally attenuate as they travel downstream unless they travel through 

a confined canyon, thus the peak discharge is generally achieved just downstream of the 

moraine dam. 

Outburst flood peak discharge depends on a variety of factors, including the 

volume of available water, the outburst-initiating event or breach mechanism, and, 

perhaps most importantly, the rate at which the breach develops (Blown and Church, 

1985; Walder and O'Connor, 1997). Breach erosion is controlled by the size and shape 

of the dam; the size, stratigraphy, and cohesion of the dam material; and the existence 

and size of pipes (MacDonald and Langridge-Monopolis, 1984). Because moraine dams 

have substantially different morphologies and material properties, a wide range of failure 

behaviours can be expected (Blown and Church, 1985). 

The geotechnical properties of moraine dams cannot be determined by remote 

sensing, thus researchers generally rely on morphological parameters to estimate peak 

discharge. The most widely used empirical relations are those that relate peak discharge 

to lake volume and moraine dam height (Hagen, 1982; Haeberli, 1983; MacDonald and 

Langridge-Monopolis, 1984; Costa and Schuster, 1988; Huggel et al., 2002). Huggel et 

al. (2002) found that by doubling the numerator in Haeberli's (1983) simple peak 



discharge formula, they could define an upper discharge limit on a log-log plot of peak 

discharge against lake volume. 

One of the key parameters in most empirical equations is lake volume, which 

cannot be directly determined using remote sensing methods (Huggel et al., 2002). 

Fortunately, moraine-dammed lake volume correlates reasonably well with lake area 

(O'Connor et al., 2001; Huggel et al., 2002), which can be measured remotely. I 

compared lake volume, estimated using the relations developed by O'Connor et al. 

(2001) and Huggel et al. (2002), with outburst volumes from documented drainings of 

moraine-dammed lakes in southwestern British Columbia (Table 3-1). In cases of partial 

lake drainage, the empirically derived estimates should exceed the outburst volumes. 

I recommend the following relation, developed by O'Connor et al. (2001), to 

estimate moraine-dammed lake volume in southwestern British Columbia: 

where V is lake volume (m3) and A is lake area (m2). This equation is preferred over that 

of Huggel et al. (2002) for several reasons. First, it is based only on moraine-dammed 

lakes, whereas Huggel et al.'s relation is partially based on ice-dammed lakes, which may 

have different hypsometries. Whereas the maximum depth of ice-dammed lakes is 

typically located at the lake-glacier interface, moraine-dammed lakes are more commonly 

deepest a considerable distance from the dam (e.g., Kershaw et al., 2005). Second, the 

seven moraine-dammed lakes in the data set of O'Connor et al. (2001) are more similar to 

moraine-dammed lakes in southwestern British Columbia than several of the Himalayan 

and Andean lakes included in Huggel et al.'s data set. Third, unlike Huggel et al.'s 

relation, equation (7) yields conservative estimates of lake volume for several analyzed 



Table 3-1. Lake volume estimates and observed outburst volumes 
for documented moraine-dammed lake drainings in southwestern British Columbia. 

Lake Outburst date Outburst Reference Lake Lake volume estimate 
volume area (m3) 
(m3) (m2) O'Connor Huggel 

et al. et al. 
(2001)a (2002)~ 

Bridge 1 964- 1970 1-2 x l o6  Ryder (1991) 0.8x105 1.3x106 9.5x105 
Klattasine 1971 -1973 1.7 x 1 O"lague et al. (1985) 1.6 x 1 o5 4.5 x 1 o6 2.4 x l o6  

Blown and Church 
Nostetuko July 19, 1983 6.5 x 1 o6 (1 985) 2.3 x lo5  9.6 x lo6 4.3 x lo6 

Kershaw et al. 
Queen Bess August 12,1997 6.5 x lo6 (2005) 6.5x105 7 ~ ~ 1 0 ~  1 . 9 ~ 1 0 ~  
Notes: 
Bold value = underestimate, compared to observed outburst volume. 
a V = 3.1A + 0 . 0 0 0 2 ~ ~  (equation I ) ,  where V = lake volume (m3) and A = lake area (m2). 

V = 0 . 1 0 4 ~ ' . ~ ~ ,  where V = lake volume (m3) and A = lake area (m2). 

lakes in my study area (Table 3-1). I acknowledge, however, that equation (7) is based 

mainly on lakes with small areas and relatively large volumes due to emplacement of 

moraine dams on steep slopes (O'Connor et al., 2001). Lakes impounded by moraines on 

gentle slopes will tend to have smaller volumes relative to their area than the lakes in 

O'Connor et al.'s data set. As a result, equation (7) can be expected to increasingly 

overestimate lake volumes as lake area increases, but no other lake area-volume relation 

more appropriate for lakes with large areas has been published for moraine-dammed 

lakes. Even for relatively large, 20 ha lakes, however, the relation yields volumes only 

two times larger than those predicted by Huggel et al.'s relation. 

Using estimates of lake volume derived from equation (7), I applied the empirical 

relations of Hagen (1 982), Costa and Schuster (1 988), Walder and O'Connor (1 997), and 

Huggel et al. (2002) to drained lakes in southwestern British Columbia to assess how 

well each predicts peak discharge in my study area. I assume that the published estimates 

of peak discharge for the events are reasonable order-of-magnitude approximations, even 

though none was reportedly directly measured. If this assumption is correct, the relations 



of Costa and Schuster (1988) and Huggel et al. (2002) provide the best estimates of peak 

discharge. Huggel et al.'s relation is the simplest, but its application to lakes in British 

Columbia may be inappropriate for several reasons. First, I expect peak discharge 

estimates, which are based on a complete drainage scenario, to be conservative, but 

Huggel et al.'s relation overestimates the peak discharge of the outburst flood from 

Queen Bess Lake (Kershaw et al., 2005) by almost two orders of magnitude because of 

its heavy weighting of lake volume. Second, Walder and O'Connor (1997) argue against 

using envelope relations such as Huggel et al.'s, because they have no physical meaning. 

Third, Huggel et al.'s relation assumes an outburst duration of about 15 to 30 minutes, 

based on observations of four jokulhlaups in the Swiss Alps. However, Nostetuko and 

Queen Bess Lakes, in my study area, drained in five hours and eight hours, respectively 

(Blown and Church, 1985; Kershaw et al., 2005). 

I recommend using the relation developed by Costa and Schuster (1988), which 

has a coefficient of determination (?) of 0.78 and a standard error of 92%, to predict peak 

flood discharge from moraine dam failures in southwestern British Columbia: 

where Qp is peak discharge (m3/s), and PE is the potential energy of the lake water, 

which is the product of dam height to the lake surface (m), lake volume (m3) (from 

equation (7)), and the specific weight of water (9800 ~ / m ~ ) .  Equation (8) is based on 

only eight moraine-dammed lake outburst events, but it yields estimates of peak 

discharge for several small outbursts in Oregon that agree well with O'Connor et al.'s 

(2001) indirect measurements of peak discharge. Retrospective predictions using 



equation (8) are conservative, but less extreme than those made using Huggel et al.'s 

(2002) relation. 

3.4.1.2 Maximum volume 

Hazard assessments of moraine-dammed lakes that may generate a debris flow 

during an outburst must include estimates of the maximum volume of debris that will be 

delivered to the runout zone. Estimates of maximum debris flow volume are used in the 

design of debris retention basins and deflection structures, which are constructed to 

prevent debris from reaching developed areas (Jakob, 2005a). The volume of water 

released during an outburst is generally excluded from debris flow volume estimates (M. 

Jakob, personal communication, 2005) because engineers assume it will pass through 

retention structures. Furthermore, the proportion of water is difficult to estimate after the 

event, because the pore water in the deposited debris usually has partially drained by the 

time researchers appear at the scene. Debris volume also affects the travel distance and 

area of inundation of a debris flow (e.g., Scheidegger, 1973; Corominas, 1996). 

Moraine dams may contribute a large proportion of the debris transported by 

outburst-generated debris flows. Therefore, a realistic estimate of debris flow volume 

requires estimation of the volume of sediment likely to be eroded from the moraine dam. 

Huggel et al. (2004) recommend multiplying the maximum observed breach cross- 

sectional area (750 m2, Huggel et al., 2002) by the width of the moraine dam to 

conservatively estimate breach volume. Because the maximum breach cross-section is 

restricted to the crest of the dam, however, application of the 750 m2 value can lead to 

order-of-magnitude overestimates of breach volume (e.g., Lake Weingarten outburst, 

Huggel et al., 2004). 



An alternative approach is to use Hagen's (1982) empirical relation between 

breach volume, moraine dam height, and lake volume, which is based on data collected 

from constructed concrete and earth-fill dams. This relation, however, underestimates by 

6 3 nearly 50% the surveyed Nostetuko Lake breach volume of 1.2 x 10 m (Blown and 

Church, 1985) and underestimates the breach volumes of two moraine dam failures in 

Oregon by an order-of-magnitude (O'Connor et a]., 2001). Furthermore, it overestimates 

the breach volume of Klattasine Lake (4000 m3; Clague et al., 1985) by more than an 

order-of-magnitude. A more accurate relation for making preliminary estimates of 

breach volume would employ moraine width, rather than lake volume, in addition to 

moraine height. 

I estimate breach volume from remotely measured moraine dam dimensions and 

the expected cross-sectional area of the breach (Fig. 3-3). Based on simple geometrical 

analysis, I derive the following expression: 

where Vb is breach volume (m3), W is moraine width from the lakeshore to the distal toe 

of the moraine dam (m), Hd is moraine height to lake surface (m), and 8 is the steepness 

of breach sidewalls (O). Identification of a moraine's distal toe is only difficult in rare 

cases where the break-in-slope at its base is gradual or subtle. Dam height is measured to 

the lake surface, rather than to the crest of the moraine, because the edges of a breach are 

generally closer in elevation to the lake surface than to the moraine crest. I assume a 

repose angle of 35' for breach sidewalls, which is a typical value for natural dams 

(Waythomas et al., 1996), and is consistent with values at Klattasine Lake (Clague et al., 

1985), Nostetuko Lake (Blown and Church, 1985), and Queen Bess Lake (Kershaw et al., 



Fig. 3-3. Schematic diagram of moraine dam measurements used in the estimation of breach volume, 
where W is moraine width, Hd is moraine dam height to lake surface, and 6 is steepness of breach sidewalls. 
(a) Cross-section through moraine dam. (b) Idealized moraine dam breach volume (triangular prism). 

2005). Equation (9) yields conservative estimates because it is based on the assumption 

that a breach is a perfect triangular prism. The estimates will be especially conservative 

for sharp-crested moraine dams whose heights greatly exceed lake depth. Nevertheless, 

equation (9) overestimates the Klattasine breach volume (Clague et al., 1985) by only a 

factor of two, only slightly underestimates the Queen Bess breach volume (Clague and 

Evans, 2000), and yields an estimate of the Nostetuko breach that is almost identical to 

the surveyed value (Blown and Church, 1985). 

Entrainment of bed and bank material into a debris flow as it travels downstream 

can lead to a two order-of-magnitude increase in debris volurne (King, 1996; Jakob et al., 

1997; O'Connor et a]., 200 1). Channel banks that collapse due to undercutting during the 

passage of a debris flow, for example, can introduce large amounts of sediment to the 

flow, sometimes even temporarily blocking the flow before liquefying and generating a 

new surge. The efficiency of debris entrainment depends on channel gradient, channel 



width and depth, vegetation, bed and bank material, and debris flow discharge (Hungr et 

al., 2005). 

Hungr et al. (1984) developed the yield rate approach to quantify the rate of 

debris entrainment during debris flows. They proposed several "channel debris yield 

rates," based on channel gradient and bed and bank material for five debris flows in the 

mountains of southwestern British Columbia. One of the problems with this approach is 

defining the threshold channel gradient below which deposition dominates and above 

which erosion dominates. This gradient depends on debris flow volume, confinement, 

sedimentology, and the water content of the surge front (Hungr et al., 2005). Ikeya 

(1 98 1) and Hungr et al. (1 984) propose a threshold deposition angle of 1 0•‹, although in 

rare cases debris flows may deposit sediment on slopes exceeding 40' (Wong et al., 1997) 

and may erode on slopes as gentle as lo  (Pierson, 1995). I have modified the table of 

channel debris yield rates in Hungr et al. (1984) slightly to make their approach suitable 

for analysis based on remote sensing (Table 3-2). For simplicity, I assume that debris is 

entrained if the local channel gradient is greater than 10' and deposited if the channel 

gradient is less than 10'. 

Table 3-2. Channel debris yield rates used in assessment procedure (modified kom Hungr et al., 1984, 
Table 2, with permission from National Research Council o f  Canada). 

Channel erodibility 
Channel Average coefficient, e, (m /(m 
type gradient (O) Bed material Side slopes km)) 
A <I0 NIA N/A 0 
B 21 0 Non-erodiblea Non-erodible 0-5 
C > I0  Thin debrisb Mainly non-erodible 5-1 0 
D > I0  Thick sedimentsc <5 m high 10-1 5 
E > I0  Thick sediments >5 m high 1 5-3od 
" Bedrock or basal till. 
tl Discontiguous veneer of till, colluvium, alluvium, or lacustrine deposits (bedrock locally visible). 
Contiguous blanket of till, colluviurn, alluvium, or lacustrine deposits (no bedrock visible). 

d Channel erodibility coefficients for deeply incised channels can be up to 100 m3/(m km) in special 
cases, e.g., an incision through a fresh slump. 



Outburst-generated debris flow volume can be estimated by following seven 

steps, based on Hungr et al.'s (1984) yield rate approach: 

1. Estimate the volume of the moraine dam breach Vb (m3) using equation (9); 

2. Identify the expected point of termination of the debris flow, based on Huggel et 

al. (2002,2004) and section 3.4.1.3 in this paper; 

3. Divide the channel between the moraine dam and the point of maximum runout 

into homogeneous reaches (minimum 400 m long) with respect to the 

characteristics that affect channel debris yield rate (Table 3-2); 

4. Measure the length (Li) and drainage area (A,) of each reach (Fig. 3-4) [drainage 

area, which is easily measured remotely, is related by its square root to channel 

width (Kellerhals, 1970)l; 

3 -1 5. Assign a channel erodibility coefficient ei (m m km-') to each reach, according to 

Table 3-2; 

6. Calculate the total volume of sediment entrained within the reaches downstream 

of the moraine dam using the yield rate equation (Hungr et al., 1984): 

where Vr is the volume of sediment entrained within the reaches (m3), A, is the 

drainage area (km2) bordering a reach i, L, is the length of reach i (m), and e, is the 
3 -1 "channel erodibility coefficient" (m m krn-') for reach i (based on my simplifying 

assumptions, all debris entrained to a particular point is to be deposited in 

depositional (<lo0) reaches; therefore, only the debris contributions from 

erosional (>lo0) reaches upstream of the runout zone (i.e., the most downstream 

depositional reach), but not upstream of any other depositional reach, are entered 

into this equation); and 

7. Calculate the probable maximum outburst-generated debris flow volume using the 

following simplified equation: 

where V, is the maximum debris flow volume (m3), Vb is the breach volume (m3), 

and Vr is the volume entrained within the reaches (m3) [note that breach volume is 

excluded from the equation if a depositional reach other than the runout zone 
exists in the flow path (Fig. 3-2)]. 



Fig. 3-4. Schematic diagram showing definitions of reach length and drainage area, both of which are 
used to estimate maximum debris flow volume. Drainage area is related by its square root to channel width 
(Kellerhals, 1970). Note that the drainage area for reach 3, for example, is the total drainage area above the 
downstream end of the reach, not just the additional contribution downstream of reach 2. 

3.4.1.3 Maximum travel distance 

One of the hazardous characteristics of outburst-generated debris flows is their 

ability to travel long distances downstream from their source. Most moraine-dammed 

lakes in southwestern British Columbia are located in the remote headwaters of 

glacierized watersheds, but they may pose a risk to development on stream fans many 

kilometres downstream. Numerous topographic and hydraulic factors may affect how far 

a particular debris flow travels. Momentum can be lost in channel bends (Lancaster et 

al., 2003); obstacles in the runout zone, such as large trees, can rapidly decelerate flowing 



debris (Corominas, 1996); and large woody debris and coarse boulders in debris flow 

fronts can increase frictional resistance to flow (Lancaster et al., 2003). Complex flow- 

routing software is available for modelling outburst flood attenuation (e.g., Fread, 1996), 

and Huggel et al. (2003) have successfully used GIs software to model the paths of 

outburst-generated debris flows, but such detailed analyses are beyond the scope of 

preliminary hazard assessments. Simple empirical observations of debris flow travel 

distance can, however, be used in their place. 

Huggel et al. (2002) measured the horizontal and vertical travel distances of at 

least six outburst-generated debris flows in the Swiss Alps to determine the angle 

between the lake outlet and the downstream limit of debris. The minimum average slope 

is 1 lo. The same angle applies to several hundred, coarse debris flows in the Swiss Alps 

unrelated to lake outbursts (Rickenmann and Zimrnermann, 1993). All documented 

outburst-generated debris flows in British Columbia stopped before achieving an average 

slope of 1 lo, with the exception of the debris flow generated by the catastrophic drainage 

of Klattasine Lake (Table 3-3). It travelled over 8 km on an average slope of 10' to 

Table 3-3. Average runout slopes for outburst- 
generated debris flows in British Columbia. 

No. Lake Average runout slope (O) a 

15 Gilbert 14 
31 Klattasine 1 ob 

103 East Grouty 30 
189 Soo Lower 18 
302 Leckie South 18 

- Patience Mountain 19 
- South Macoun 18 
- North Macoun 20 
- Tats 15 

" Average runout slope is the average angle with the 
horizontal between the lake outlet and the terminal debris 
lobe. 

Less than the 1 lo  minimum average runout slope 
observed for outburst-generated debris flows in the Swiss 
Alps. 



Homathko River, where it formed a temporary dam (Clague et al., 1985). 

One might be tempted to use the more conservative value of 10' to define the 

probable maximum travel distance of outburst-generated debris flows in southwestern 

British Columbia. In some cases, however, use of an average slope of 10" might greatly 

overestimate the travel distance of a debris flow. A debris flow cannot be sustained for 

long distances in low-gradient, unconfined channels, which may be present within the 

runout zone defined by an overall average slope of 10'. In addition, debris flows 

commonly change to debris floods upon entering higher-order rivers (Jakob, 2005a). To 

maintain the objectivity of the assessment procedure and to more realistically estimate the 

maximum travel distance of debris flows, I specify a limit of runout upstream of the point 

defined by the 10" average slope, if at least one of Ikeya's (1 979) two conditions for 

premature termination is met: (1) the slope angle in the runout zone is reduced by at least 

a factor of two; or (2) the flow width increases at least two-fold. I note, however, that the 

termination point I define does not necessarily delineate the downstream limit of potential 

damage. A destructive debris flood may continue tens of kilometres downstream before 

attenuating to background levels (Richardson and Reynolds, 2000). 

Estimating the maximum travel distance of outburst floods that do not transform 

into debris flows is more subjective because outburst floods do not generally have 

discrete termination points. Unlike debris flows, which deposit lobes of debris at their 

termini, debris floods attenuate slower, gradually depositing sediment as flow 

competence decreases. Flood routing is best left to the detailed stage of a hazard 

assessment. 



3.4.1.4 Maximum area of inundation 

Hazard zoning studies commonly require, in addition to the maximum travel 

distance of debris flows, estimates of the area likely to be inundated by debris. 

Delineation of detailed debris flow inundation areas is beyond the scope of preliminary 

assessments, but empirical equations facilitate rapid assessment of the general area likely 

to be covered by debris. The area in the runout zone likely to be covered for bouldery 

(i.e., non-volcanic) debris flows can be predicted using the following equation (Griswold, 

2004): 

where B, is maximum area of inundation (m2), and V is debris flow volume (m3), which 

can be estimated using the methods described in section 3.4.1.2. This equation, however, 

is based on observations of debris flows originating from localized slope failures. 

Therefore, it may underestimate areas inundated by outburst-generated debris flows, 

which contain larger volumes of water and thus may have greater mobility. 

Outburst floods that do not transform into debris flows may also deposit large 

volumes of sediment in lower gradient and unconfined channel reaches. Floodplains that 

historically have never been flooded may be inundated by sediment-laden floodwater. 

Estimation of expected areas of inundation by floodwater, however, is beyond the scope 

of preliminary hazard assessments. 

3.4.2 Outburst probability 

Outburst probability is defined here as the likelihood that a lake will drain, or 

partially drain, catastrophically within an unspecified period. Outburst probability is 



difficult to determine for three reasons: (1) lakes generally drain catastrophically only 

once, thus no recurrence interval can be used to estimate mean annual probability; (2) thc 

rarity of outburst floods limits understanding of failure processes; and (3) the numerous 

possible trigger mechanisms (Clague and Evans, 2000; Richardson and Reynolds, 2000) 

and diversity of moraine dam form and structure preclude deterministic analysis. 

Fell (1 994) argues, however, that geoscientists should estimate event 

probabilities, even if approximate and subjective, and several authors propose subjective 

approaches for estimating the probability of outburst floods from moraine-dammed lakes 

(Lu et al., 1987; Richardson and Reynolds, 2000; O'Connor et al., 2001). Most recently, 

Huggel et al. (2004) have proposed a list of five indicators for deriving a qualitative 

probability of outbursts from moraine-dammed lakes in the Swiss Alps. The subjectivity 

of this approach, however, can result in assessments that are inconsistent and depend on 

the expertise of the geoscientist. 

I propose using a statistical model for making preliminary estimates of outburst 

probability. The outburst probability of a moraine-dammed lake in southwestern British 

Columbia is calculated using equation ( 9 ,  derived from logistic regression analysis. To 

avoid conveying unrealistic precision in the probability estimates, I recommend 

classifying outburst probabilities as very low (<6%), low (6- 12%), medium (1 2- IS%), 

high (1 8-24%), and very high (>24%) (Fig. 2-8). 

3.5 Application of procedure 

I applied the outburst flood hazard assessment procedure to 175 moraine-dammed 

lakes larger than one hectare in the southern Coast Mountains of British Columbia. Here, 



I illustrate its application with three case studies (Table 3-4). Application of the 

assessment procedure to Klattasine Lake, which drained catastrophically in the early 

1970s (Clague et al., 1985), shows retrospectively that the procedure predicts reasonably 

well the known probability and magnitude of the event. The outburst-generated debris 

flow from Klattasine Lake had a higher observed volume, travel distance, and area of 

inundation than I predict for the 174 other analyzed moraine-dammed lakes in 

southwestern British Columbia, suggesting that this event represents an approximate 

upper limit of outburst-generated debris flow magnitude in the region. I present the 

results of my assessment of Scherle Lake because the lake is small but has a high outburst 

probability and a high predicted magnitude. Salal Lake is included as an example of a 

(large lake with a relatively high, predicted outburst magnitude but low outburst 

probability. 
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3.5.1 Klattasine Lake 

Klattasine Lake is located at an elevation of about 1650 m at the west edge of the 

Homathko Icefield in the southern Coast Mountains of British Columbia (Fig. 3-1). It 

was impounded by a narrow, sharp-crested moraine perched at the edge of a bedrock sill 

above steep bluffs (Fig. 3-5). Sometime between June 1971 and September 1973, 

Klattasine Lake breached its moraine dam (Clague et al., 1985). Less than 4000 m b f  

sediment were eroded from the moraine dam, but the floodwaters quickly transformed 

into a debris flow as they cascaded over the bluffs below the lake (Fig. 3-5) (Clague et 

al., 1985). The debris flow had sufficient momentum to traverse two small meadows, 

before descending steeply through a sediment-choked canyon, where it entrained large 

volumes of debris (Fig. 3-6). It travelled over 8 km to the mouth of Klattasine Creek, 

where it deposited about 9 x 10' m3 of debris (Blown and Church, 1985). 

Fig. 3-5. Low-level oblique aerial photograph of Klattasine Lake and its moraine dam after the early 
1970s outburst (photograph by Steve Evans). 

7 7 



Fig. 3-6. Post-outburst aerial photograph mosaic of Klattasine Lake's outburst-generated debris flow 
path, showing (a) breached moraine, (b) unvegetated strip delineating the path of the flow, (c) debris fan at 
the confluence with the Homathko River, and (d) secondary slope failures (modified from Clague et al., 
1985, Fig. 2, and reproduced with permission of National Research Council of Canada). Aerial 
photographs BC79069-235 and BC79074-041 (July 14-15, 1979) reproduced with permission of the 
Province of British Columbia. Thick black lines define reach breaks, and "Channel types" are defined in 
Table 3-2. Note that the procedure, which assumes erosion does not occur in reaches with average 
gradients less than lo0, requires Reach 4 to be classified as "Channel type A." An evaluation of this event, 
however, indicates that the debris flow may have had sufficient energy to entrain material in at least the 
upper half of Reach 4. 



The input parameters for, and results of, my retrospective hazard assessment of 

Klattasine Lake are provided in Table 3-4. Although they made no direct or indirect 

measurements, Clague et al. (1 985) used empirical relations to conclude that the outburst 

peak discharge exceeded 1000 m3/s, which is consistent with my estimate of about 1500 

m3/s. My estimate of 6.5 x 10' m3 for the maximum volume of the debris flow is slightly 

less than Blown and Church's (1985) estimate of the amount of debris deposited by the 

initial debris flow, probably because my approach assumes erosion does not occur in the 

main stem of Klattasine Creek (reach 4, Fig. 3-6), which has an average gradient less than 

10". The Klattasine debris flow descended about 1500 m over a horizontal distance of 

about 8800 m, which corresponds to an average slope of 10" (Fig. 3-7). My estimate of 

15 ha as the maximum expected area of debris inundation is similar to the observed area 

(Clague et al., 1985, their Fig. 7). Equation 5 yields a "high outburst probability. 

Compared with other empirical relations for assessing outburst hazard, my assessment 

procedure provides a reasonable evaluation of the hazard posed by Klattasine Lake. 

While my method consistently yields estimates that are within about two times the 

observed values (Table 3-4), other methods, such as Huggel et al.'s (2002) and Hagen's 

(1 982), produce estimates that are an order-of-magnitude too high. 

3.5.2 Scherle Lake 

Scherle Lake (informal name) is a small (2.0 ha) moraine-dammed lake located at 

an elevation of 2 180 m in the Dickson Range, 2.5 km west of Scherle Peak (Fig. 3- 1). 

The dam is narrow and has a steep distal flank (Fig. 3-8). The stream flowing from the 

lake descends more than 1400 m over talus cones, through a steep V-shaped valley with 

unstable slopes, and across a small fan to its confluence with Bridge River (Fig. 3-9). 
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Vertical exaggeration = 2x 
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at confluence with 
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Fig. 3-7. Longitudinal profile of Klattasine Lake's outburst-generated debris flow path. 

Fig. 3-8. 
scale. 

Scherle Lake and its steeply-flanked lobate moraine dam. Note person standing at outlet for 
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Fig. 3-9. Longitudinal profile of hypothetical outburst-generated debris flow path fiom Scherle Lake. 
Reach breaks are shown with dotted vertical lines, and input parameters for equation (10) - reach length 
(L,), channel erodibility coefficient (e,), and tributary drainage area (A,) - are located beneath the curve. 
Vertical exaggeration = 2x. 

The input values and results of my hazard assessment of Scherle Lake are 

summarized in Table 3-4. According to equation (5) ,  Scherle Lake has a "very high" 

outburst probability of 61%, one of the highest estimates in the study area. Only about 

1.3 x 10' m3 of water would be released if the lake completely drained, but that would 

probably be sufficient to generate a debris flow in the steep, debris-choked valley 

downstream. Debris eroded from the moraine dam and talus slopes below the lake would 

deposit in a small meadow about 1 km downstream of the lake, but steep, IOO-m-high 

talus aprons on the valley sides above the middle reach (Fig. 3-10) would likely 

contribute large volumes of sediment to a debris flow. Given the likelihood of substantial 

bulking of the debris flow through debris entrainment, I caution that my estimate of peak 

discharge, which 1 assume would be achieved in the moraine breach, may be too low. 



Fig. 3- 10. Unstable valleysides that would likely contribute a large volume of debris to an outburst flood 
originating from Scherle Lake (aerial photograph 30BCC97087-036 (July 20, 1997) reproduced with 
pennission of the Province of British Columbia). Dashed black line delineates upper part of hypothetical 
debris flow path. Confluence with Bridge River is not shown. 

Deposition might begin about 1.5 krn upstream of the Bridge River confluence due to the 

lower, more variable channel gradient there. I assume, however, that the debris flow 

would have sufficient momentum and local confinement to reach Bridge River (average 

slope of about 14" from Scherle Lake), at which point all remaining coarse debris would 

be deposited. Even if the debris flow temporarily dammed Bridge River, any subsequent 

outburst flood from the landslide dam would terminate upon entering Downton Lake 

reservoir, a few kilometres downstream. 



3.5.3 Salal Lake 

Salal Lake (informal name) is located at an elevation of about 1600 m in the 

headwaters of Salal Creek, in the upper Lillooet River watershed (Fig. 3-1). The oval- 

shaped, 7.0 ha lake is dammed by a broad, 50-m-high, multi-crested moraine (Fig. 3-1 1). 

A retreating glacier with a crevassed snout terminates above the lake on a moderately 

steep slope, but no evidence of ice avalanches reaching the lake has been observed in 

historical aerial photographs or during several field visits over the past three years. The 

outlet stream flows down the distal flank of the moraine dam, which slopes up to 15' 

(Fig. 3-12), and enters Salal Creek, which has an average local gradient of about 5' and a 

broad floodplain. 

Fig. 3-1 1. Salal Lake and its broad. multi-crested moraine dam (aerial photograph 30BCC97086-089 (July 
20, 1997) reproduced with permission of the Province of British Columbia). Black lines with dots 
delineate the crests of moraines. 



Fig. 3-12. View upstream toward Salal Lake. Note the locally steep distal flank of  its moraine dam and 
the glacier hanging above the lake. 

Although escaping floodwaters might generate a debris flow on the distal flank of 

the dam, my assessment procedure predicts that a debris flow would not be sustained on 

the broad, gentle floodplain of Salal Creek. Thick outwash deposits along the south side 

of Salal Creek show no evidence of debris flows, even though debris flow gullies on the 

north side of Salal Creek deliver large volumes of sediment to the channel. 

Data relevant to the outburst flood hazard assessment of Salal Lake are provided 

6 3 in Table 3-4. My estimate of lake volume is 1 x 10 m . The height of the moraine dam 

(to the lake surface) is 50 m. From these values, I estimate that peak discharge through 

the moraine dam would be about 1400 m3/s. I would expect an outburst to generate a 



debris flood because of the instability of Salal Creek's alluvial and colluvial banks, as 

seen in historical aerial photographs. According to equation (9, however, Salal Lake has 

a very low probability of draining catastrophically. My, evaluation of outburst probability 

is consistent with Jordan's (1987) subjective classification of the lake as "stable," due to 

the large width and relatively low gradient of its moraine dam and to the infrequency of 

ice avalanches from the hanging glacier. 

3.6 Discussion 

3.6.1 Characteristics of lakes with high outburst flood hazard 

One of the main goals of my research is to identify the hazardous characteristics 

of moraine-dammed lakes in southwestern British Columbia. Not surprisingly, peak 

discharge estimates are highest for large lakes with tall moraine dams. A less obvious 

finding, however, is that these lakes are unlikely to generate debris flows during outbursts 

because most are located in valleys with relatively low gradients. Large lakes rarely form 

behind moraine dams emplaced on steep slopes because the possible lake basin area, 

which is partially controlled by moraine dam height, decreases with increasing valley 

side steepness. Outburst floods from moraine-dammed lakes in cirques or hanging 

valleys high above major river valleys are most likely to generate debris flows capable of 

travelling long distances and depositing large volumes of sediment and woody material 

over extensive areas. Outburst-generated debris flows that travel down steep, confined 

channels with unstable banks may entrain large volumes of debris, but enough sediment 

can be eroded from the moraine dam during the breaching process to form a debris flow 

with no downstream contribution of debris. The largest predicted debris flow volumes, 

however, are from lakes with outlet streams that flow down the steep distal flank of a 



high, incised moraine dam and then for a considerable distance along confined steep 

channels with high banks composed of loose sediment. 

According to the results of the statistical analysis (section 2.8), outburst 

probability is positively correlated with lake area and moraine height-to-width ratio. 

Furthermore, a moraine dam is most likely to fail catastrophically if it is ice-free and 

composed mainly of debris derived from sedimentary rock. 

3.6.2 Changes to outburst flood hazard over time 

The hazard posed by moraine-dammed lakes changes over time through variations 

in outburst probability and magnitude. Three of the four variables that influence outburst 

probability are dynamic: lake area, moraine dam height-to-width ratio, and the 

presencelabsence of an ice core in the moraine dam. Outburst probability is especially 

sensitive to fluctuations in lake level. Thus, probability estimates apply to the particular 

time at which the measurements were taken and must be revised as conditions change. 

Hazard assessments should always state the date to which they apply. 

Outburst magnitude may also change with changes in lake level. I retrospectively 

estimate an outburst peak discharge of about 800 m3/s for the partial outburst between 

July 1965 and September 1977 from the moraine-dammed lake above Gilbert Glacier. I 

predict a peak discharge of only 360 m3/s, however, for a second outburst, because the 

lake is 10 m lower than before the first outburst and only half its original area. 

The maximum volume and inundation area of a future outburst-generated debris 

flow may either increase or decrease following a partial outburst. When the small lake in 

the cirque north of Patience Mountain, in southeastern British Columbia, partially drained 



between 195 1 and 1966, the outflowing waters removed vegetation and surficial deposits 

in a swath up to 50 m wide over a distance of nearly 2 krn below the lake, in the process 

generating a debris flow (Evans, 1987). A pre-outburst hazard assessment, using my 

method, would have predicted a moderately large debris flow during an outburst, whereas 

a post-outburst assessment would assume that too little sediment is now available to 

generate a debris flow. In contrast, an outburst flood that undercuts and destabilizes talus 

slopes may increase the rate of debris entrainment during subsequent outburst floods. 

Not only can the outburst hazard posed by a lake change within days or even 

hours, new lakes can form rapidly and without warning. For example, a dangerous lake 

formed in the Cordillera Blanca in Peru in only five years (Richardson and Reynolds, 

2000). My comprehensive aerial photographic inventory of moraine-dammed lakes in 

southwestern British Columbia revealed that several lakes formed during the 1990s 

because of glacier retreat. In the next century, however, numerous moraine-dammed 

lakes that presently have a high outburst flood potential may drain gradually through 

slow downcutting of the dam or may fill in with sediment. 

3.6.3 Limitations of assessment procedure 

My hazard assessment procedure should not be applied without an 

acknowledgement of its limitations. My estimates of peak discharge may be exceeded in 

at least four circumstances. First, waves that overtop a moraine dam may have higher 

peak discharges than those predicted by equation (8), which applies only to flow through 

a rapidly eroding breach. The massive displacement wave that overtopped the broad 

moraine dam impounding Queen Bess Lake, for example, had a peak discharge two to 

four times larger than the peak discharge of the subsequent dam breach phase of the 



outburst flood (Kershaw et al., 2005). The peak discharge of a large overtopping wave, 

however, depends on a variety of factors, including lake bathymetry and the momentum 

of the displacing mass (Singerland and Voight, 1982), and thus is beyond the scope of 

preliminary hazard assessments. Second, process interactions and chain reactions can 

lead to higher peak discharges than equation (8) predicts. For example, I do not take into 

account the potential peak discharge that could result from a secondary failure of a dam 

created by an outburst-generated debris flow, nor do I address what effect sequential 

outbursts of paternoster moraine-dammed lakes can have on peak discharge. 

Recognizing such process interactions is important because an outburst flood, rather than 

gradually attenuating downstream, may undergo rapid, short-lived increases in peak 

discharge. Third, peak discharge may be higher than indicated by equation (8) if the 

outburst occurs during a time of high runoff, when streams are near bankfull level and 

high pore water pressures in the channel bed and banks ease sediment entrainment. For 

ungauged streams, a routine regional hydrologic analysis can provide an estimate of 

storm-induced flood discharge to which outburst peak discharge can be added. Fourth, 

the peak discharge of an outburst flood that transforms into a debris flow through 

sediment entrainment may exceed my estimates, which are based on lake and dam 

characteristics, but do not take into account downstream erosion potential. 

Estimates of the maximum debris flow volume and area of inundation are highly 

dependent on the selection of a minimum channel gradient below which erosion is 

assumed not to occur. In this study, an erosion threshold of 10' is used, based on Hungr 

et al.'s (1984) observations of debris flows in southwestern British Columbia. To 

illustrate the effect that changing this threshold can have on predicted magnitudes, I 



repeated the analysis of expected debris flow volume and area of inundation using a 

lower threshold of 8", which applies to outburst-generated debris flows in Oregon 

(O'Connor et al., 2001). Even such a small change can substantially increase estimates 

of debris flow volume and area of inundation. An 8" threshold increases the predicted 

maximum debris flow volume from the hypothetical outburst of Scherle Lake (Figs. 3-7 

5 3 5 3 to 3-9) from 2 x 10 m (Table 3-4) to 4 x 10 m . The reason for the increase is that, 

based on an 8" threshold, debris eroded from the moraine dam and talus slopes 

immediately downstream of the dam is no longer deposited in the hanging valley 

meadow (Figs. 3-8 and 3-9), which has an average gradient of about 9". All entrained 

debris is delivered to the runout zone. The probable maximum area of inundation 

4 2 4 2 increases, correspondingly, by about 50% from 6.6 x 10 m (Table 3-4) to 10.1 x 10 m . 

This simple analysis reinforces the importance of erosion threshold selection and 

highlights how such a minor change in the assessment procedure can have a significant 

effect on the predicted outcomes. 

In order to ensure the consistency and objectivity of my assessment procedure, I 

have made simplifying assumptions about outburst-generated debris flow behaviour that 

may affect the accuracy of my estimates of the volume and area of debris inundation. For 

example, I assume, based on channel gradient, that debris flows either erode or deposit 

debris rather than achieve an equilibrium in any given channel section. Realistic 

application of Hungr et al.'s (1 984) yield rate approach to all outlet channels in the study 

area required a minimum reach length to be established. Otherwise, according to the 

gradient-based reach definition used in this study, a reach break would have to be defined 

at every location where channel gradient crossed the 10" threshold. I used a minimum 



reach length of 400 m, based on Blown and Church's (1985) observation that the 

Klattasine Lake outburst-generated debris flow had sufficient momentum to traverse 

meadows up to 400 m long. Of course, channel gradient and thus yield rate may change 

over shorter channel lengths. Smaller debris flows, in particular, may deposit debris in 

short, low-gradient or wide reaches. 

My procedure does not address possible secondary hazards resulting from 

catastrophic drainage of moraine-dammed lakes, but hazard analysts should be familiar 

with them. For example, outburst floods may destabilize valley walls by eroding talus 

aprons and alluvial sediments. In the years following the Klattasine Lake outburst, 

landslides on the valley sides above the channel enlarged through retrogressive slumping 

(Fig. 3-6). Analysis of tilted and impact-scarred trees revealed that debris flows occurred 

at Klattasine Creek for years following the outburst (Clague et al., 1985), probably due to 

secondary landslides on valley sides. Breached moraines can themselves pose a hazard to 

downstream areas. Several debris flows have originated in the steep sidewalls of a 

breached moraine in the upper Soo River watershed (Fig. 3-1 3; see Fig. 3- 1 for location) 

(Jordan, 1987). The largest of these debris flows travelled over 2 km from the breached 

dam. 

3.6.4 Potential sources of error 

High-resolution, remote sensing imagery permits preliminary hazard assessments 

to be made without field investigations, but the assessments have several possible sources 



Fig. 3- 13. Sidewall of breach through moraine dam in the upper Soo River watershed. Historical aerial 
photographs indicate several debris flows, unrelated to the outburst, have originated from this sidewall, 
which is nearly SO0 steep at the top. 

of error. For example, lake volumes estimated using empirical relations rather than 

bathymetric surveys may be inaccurate, particularly for lakes with unusual bathymetries. 

Substitution of empirically derived lake volumes into equation (8) may then lead to 

inaccurate peak discharge estimates. Prediction of maximum debris flow volume from 

aerial photographs is difficult without a detailed complementary field survey of the 

channel. Determining moraine breach volume solely on the height and width of the dam, 

rather than on a detailed field survey, may result in substantial overestimates, especially 

in the case of dams that are relatively high relative to lake depth. Debris yield rates are 



especially difficult to estimate for channels that have no shallow, firm substrate (Hungr et 

al., 2005). 

Several possible sources of error are associated with remotely evaluating moraine- 

dammed lake outburst probability. Possible errors include misinterpretation of dam type, 

misinterpretation of rate of draining of lake (i.e., gradual vs. catastrophic), inaccuracies 

associated with photogrammetric measurements, and inconsistencies in defining moraine 

width. Erroneous estimates of outburst probability may also stem from the relatively 

small sample size on which the outburst probability formula is based. 

3.6.5 Applicability of procedure 

Assessments of moraine-dammed lake outburst hazard will always have 

considerable uncertainty due to the variety of possible trigger mechanisms, the numerous 

factors that affect the rate at which the breach enlarges, complex topographic and 

hydraulic controls on downstream flow processes, and the limited understanding of 

bulking processes. Examples provided by Huggel et al. (2004) and those in this paper 

demonstrate, however, that outburst flood hazard assessments based on remote sensing 

can provide reasonable preliminary evaluations of outburst probability and magnitude. In 

addition to being systematic and practical, my assessment procedure is objective and thus 

yields reproducible results. 

My motivation for developing a hazard assessment method for moraine-dammed 

lakes is to facilitate prioritization of potentially hazardous lakes for subsequent field 

investigation. Currently, analysts address outburst flood hazard in one of two ways 

during preliminary hazard assessments: ( I )  they assume that all moraine-dammed lakes 



are equally hazardous, thereby requiring expensive, time-consuming, and unnecessary 

field investigations at a later stage in the project; or (2) they recognize and report that 

certain moraine-dammed lakes are more hazardous than others, but, depending on the 

expertise of the analyst, are unsure how to assess the hazard so that the findings can be 

incorporated into engineering designs. Engineers and geoscientists without training in 

glacier hazard analysis may even be unaware that moraine dams can fail catastrophically. 

Using my assessment procedure, analysts with only basic skills in aerial photograph 

interpretation and geomorphology can rapidly estimate regional outburst flood hazard. 

My assessment procedure is based on observations of drained and undrained 

moraine-dammed lakes in the southern Coast Mountains of British Columbia (Fig. 3-1). 

Strictly speaking, it should only be applied to lakes within this region, although follow-up 

studies may justify its use in neighbouring watersheds or in regions with similar 

physiography and moraine dam morphologies. Direct application of the outburst 

probability formula to the Himalayas and Andes is inappropriate. The Himalayas, unlike 

the Coast Mountains, have local relief greater than 4000 m; its moraine dams are 

extraordinarily large; and its lakes commonly originate through coalescence of 

supraglacial ponds (Richardson and Reynolds, 2000). Different mechanisms may be 

responsible for the catastrophic failure of such moraine dams. The methodologies used in 

this study can be used to generate a region-specific model for evaluating outburst 

probability. The channel debris yield rates of Hungr et al. (1 984) (Table 3-2) are based 

only on observations from debris flows in southwestern British Columbia, thus their 

applicability to other mountainous regions with different climates, geology, and 

vegetation is uncertain and may be scale-dependent. 



3.7 Conclusion 

Outburst floods from moraine-dammed lakes pose a significant hazard, 

necessitating at least a preliminary hazard assessment. Greater development downslope 

of glacierized mountains in British Columbia will increase the likelihood of economic 

losses and loss of life from outburst events. Engineers and geoscientists may be required 

to complete regional hazard assessments and feasibility studies in remote areas where this 

hazard exists. 

Existing methods for assessing outburst flood hazard are inconsistent, subjective, 

and may require expensive field investigations. To estimate outburst magnitude, analysts 

must currently choose, sometimes arbitrarily, from a large selection of empirical 

relations, which may or may not be applicable to their project areas. Further, until 

recently, only qualitative and subjective methods existed for evaluating outburst flood 

probability. 

Appropriate methods for making rapid preliminary assessments of outburst flood 

hazard must be objective, practical, and comprehensive. I propose a stepwise procedure 

based on observations acquired from remote sensing imagery to estimate outburst peak 

discharge, maximum volume, maximum travel distance, maximum area of debris 

inundation, and outburst probability. My assessment scheme, which yields reproducible 

results, is designed specifically for moraine-dammed lakes in southwestern British 

Columbia. It allows engineers and geoscientists to remotely prioritize lakes for further 

field-based study. 



CHAPTER 4: 

CONCLUSION 

Outburst floods from moraine-dammed lakes are rare, but their destructive 

potential is so great that systematic methods for assessing downstream flood hazard are 

needed for the safe development of glacierized regions. Engineers and geoscientists are 

faced with the challenge of predicting the likelihood of catastrophic lake drainage and the 

size of the resulting flood without objective guidelines and data required for a reliable 

assessment. This chapter summarizes proposed hazard assessment methods that will help 

make evaluations of outburst flood hazard in southwestern British Columbia more 

objective, consistent, and less expensive. It also highlights the significance and 

limitations of this research and makes recommendations for further research. 

4.1 Estimating outburst probability 

Data were collected from 175 moraine-dammed lakes in the southern Coast 

Mountains of British Columbia to facilitate statistical analysis of differences between 

drained and undrained lakes. Using logistic regression, I generated an expression with 

four remotely measured predictor variables, from which the outburst probability of a 

particular lake can be estimated. Drained moraine-dammed lakes are best discriminated 

from undrained lakes by their moraine height-to-width ratio, presencelabsence of an ice 



core in the moraine, lake area, and main rock type forming the moraine. The model is 

based on a relatively small sample, but its overall predictive accuracy is 88%. It enables 

analysts with basic knowledge of geomorphology and photogrammetry to complete 

hazard assessments of moraine-dammed lakes in southwestern British Columbia. 

4.2 Completing outburst flood hazard assessments 

Existing approaches for outburst flood hazard assessments are unsystematic and 

subjective. I provide an objective procedure for making comprehensive preliminary 

assessments of the hazard posed by moraine-dammed lakes in southwestern British 

Columbia. The procedure is based on analysis of aerial photographs and yields order-of- 

magnitude estimates of outburst peak discharge, maximum volume, maximum travel 

distance, maximum area of inundation, and probability. I incorporate existing empirical 

relations that are applicable to the study area and demonstrate the application of the 

procedure with three case studies. The reasonable retrospective evaluation of the 

outburst flood from Klattasine Lake indicates that the likelihood and potential magnitude 

of future outburst events in the southern Coast Mountains can be predicted. 

4.3 Significance and limitations 

Identification of 175 moraine-dammed lakes in the southern Coast Mountains of 

British Columbia highlights the need to assess the hazard posed by lakes whose 

catastrophic drainage could impact humans. The inventory of moraine-dammed lakes 

includes their location (Appendix A), aerial photograph coverage (Appendix B), 

characteristics (Appendix C), and outburst flood hazard (Appendix D). A significant 

finding is that the outburst-generated debris flow from Klattasine Lake in the early 1970s 



had a larger volume, travel distance, and area of inundation than predicted for all other 

analyzed moraine-dammed lakes in southwestern British Columbia. This result suggests 

that the Klattasine event may be an approximate upper limit of outburst-generated debris 

flow magnitude in the region. No other lake comparable in size to Klattasine Lake is 

perched so high on a valley side and drains through such a long, steep, V-shaped canyon, 

confined on both sides by talus slopes. 

The frequency of catastrophic moraine dam failures at a mountain range scale is 

important in regional hazard assessments. Based on historical records of 3 3 outburst 

floods from moraine-dammed lakes, Richardson and Reynolds (2000) demonstrate that 

the frequency of events since the 1930s has been increasing in the Himalayas. The 

frequency of outburst flooding from moraine-dammed lakes in the southern Coast 

Mountains of British Columbia, however, has been relatively constant. Based on 

interpretation of aerial photographs, which have been available for the study area since 

the late 1940s, one to two outburst floods have occurred each decade. Interestingly, the 

magnitudes of these events exhibit an upward trend. The two most recent outburst 

floods, from Nostetuko Lake in 1983 (Blown and Church, 1985) and Queen Bess Lake in 

1997 (Kershaw et al., 2005), had peak discharges several times higher than all previously 

documented outbursts in the study area. 

The absence of all glacier-related candidate predictor variables in the outburst 

probability model and presence of the main rock type forming the moraine dam suggest 

that current hazard assessments may be placing too much emphasis on a lake's 

topographic setting and not enough on the moraine dam itself. The physical properties of 

a moraine dam, including sedimentology and morphology, strongly influence its potential 



for catastrophic failure. Therefore, field investigations will always be required during 

more detailed stages of hazard assessment. 

The proposed hazard assessment procedure provides engineers and geoscientists 

with a practical tool for making preliminary assessments of outburst flood hazard from 

moraine-dammed lakes in southwestern British Columbia. Unlike existing methods, my 

statistical approach makes estimation objective, enables analysts with basic 

geomorphology and photogrammetry skills to perform assessments, yields reproducible 

and comparable results, and can be adjusted to suit different applications. Because the 

entire assessment scheme may be completed using aerial photographs, users will be able 

to incorporate evaluation of outburst flood hazard into routine hazard assessments of 

glacierized regions. 

The dependency of the assessment procedure on aerial photographs means that it 

can only be used in regions with large-scale (-1 : 15 000) photograph coverage. In 

addition, qualitative and quantitative measurements made on aerial photographs have 

several possible sources of error, the most serious of which is misinterpretation of 

whether a particular moraine dam failed catastrophically or eroded gradually. 

The applicability of the proposed assessment procedure is limited by the small 

sample on which it is based. The absence of moraine dams composed of metamorphic 

rock, for example, leads to erroneous estimates of outburst probability for moraine dams 

formed of metamorphic rock debris. Once its limitations have been acknowledged, the 

procedure should only be applied to lakes within the population from which the sample 

was taken, in this case southwestern British Columbia. Furthermore, it should only be 

used in preliminary assessments because the empirical relations are based on relatively 



few events. While the approach recommended in this study is unlikely to change, 

specific thresholds and coefficient values may be revised as more data become available. 

4.4 Recommendations for further research 

Development of the statistical model for discriminating drained from undrained 

lakes, based on lake, dam, glacier, and basin variables, is a first step towards quantifying 

outburst probability. However, the model's predictive capability and spatial applicability 

could be increased by expanding the statistical database. Bootstrap resampling (Austin 

and Tu, 2004) should be performed to determine whether the predictor variables in the 

final expression are actually true independent predictors of outburst probability. 

Additional new candidate predictor variables may also improve the model. 

Glacier aspect, which was removed from a preliminary list of candidate predictor 

variables because other variables better quantified glacier instability and thus a lake's 

susceptibility to ice avalanches (Table 2-I), has been reconsidered as a candidate 

predictor variable. South-facing glaciers may be more readily destabilized than north- 

facing glaciers due to more extreme diurnal temperature variations and higher subglacial 

meltwater flows. Subsequent attempts to improve the model by adding new candidate 

predictor variables and redoing the statistical analysis have been left for follow-up 

studies. 

The outburst probability model has not been tested on an independent sample of 

lakes. Because the entire population of moraine-dammed lakes larger than one hectare in 

the study area was used to generate the statistical model, the model should be tested on 

neighbouring watersheds with similar physiography and moraine dam morphologies. 



Evaluating the applicability of the model to other glacierized mountain ranges, such as 

the Swiss Alps, is also recommended. 

The large number of factors that influence flow in steep channels inhibits 

understanding of, and the ability to predict, sediment entrainment rates. Detailed studies 

of debris yield rates in channels in southwestern British Columbia could improve 

estimates of outburst-generated debris flow volume. 

The data summarized in Appendices A-D provide an opportunity for a variety of 

research projects. One could evaluate spatial relations or trends of moraine-dammed lake 

characteristics that might aid regional hazard assessments. Identifying any features that 

are common to all drained lakes in a particular area, for example, could provide further 

insight into failure mechanisms. The identification of watersheds in which hazardous 

lakes are concentrated may be useful in the preliminary planning stages of linear 

infrastructure projects. A study of how moraine-dammed lakes and their outburst flood 

hazard evolve could provide additional insight into the factors that control moraine dam 

failure. 

The outburst probability model indicates whether a moraine dam is likely or 

unlikely to fail catastrophically, but it provides no indication of the period within which 

failure may occur. With enough data on lake longevity, it might be possible to generate a 

statistical expression for predicting, within broad bounds, the time of the failure of a dam 

of known age. 
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