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ABSTRACT
This paper describes a set of field data suitable for the testing and comparative assessment of
geomorphic flood routing methods. The data pertain to a particularly severe and unusually
well-documented flood event: the Lake Ha! Ha! breakout flood of July 1996 in the Saguenay
Region of Québec. In this event, heavy rains combined with the incision of a new lake outlet
caused a major flood, which significantly reworked the downstream valley. Published and
unpublished data from multiple sources are assembled and co-registered in a common frame of
reference. These data include vertical and oblique air photos, hydrological records, surface
geology information, and digital terrain models of the pre- and post-flood valley topography.
The spatial coverage encompasses the drained lake as well as the full length of the downstream
valley. To meet the respective needs of 2D and 1D approaches, the topography is sampled on a
Cartesian mesh as well as interpolated along evenly-spaced cross-sections. The data set
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described in the paper is provided in digital form in the electronic supplement to this special
issue.

RÉSUMÉ
L’article décrit un jeu de données pouvant être utilisé pour la validation et l’étude comparative
de méthodes de simulation de crues géomorphiques. Les données se rapportent à une crue
particulièrement sévère et bien documentée : la crue induite par la vidange brutale et
accidentelle du Lac Ha! Ha! en juillet 1996 dans la région du Saguenay, au Québec. De fortes
pluies ont conduit à l’incision d’une nouvelle embouchure du lac, provoquant une crue majeure
qui a fortement affecté la morphologie de la vallée. Des données, précédemment publiées ou
non et provenant de sources multiples, ont été assemblées et archivées selon un référentiel
spatial commun. Ces données comprennent des photographies aériennes verticales et obliques,
des mesures hydrologiques, des éléments de géologie de surface, et deux modèles numériques
de terrain, relatifs à la topographie de la vallée avant et après la crue. Leur étendue spatiale
couvre le lac et l’ensemble de la vallée jusqu’à la baie des Ha! Ha! en aval. Afin de rencontrer
les besoins propres à des approches 1D et 2D, la topographie est interpolée sur un maillage
régulier ainsi que sur des sections en travers équidistantes. Le jeu de données décrit dans cet
article est fourni sous forme électronique dans le supplément au présent numéro spécial.
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INTRODUCTION

To assess flooding hazards, it is generally assumed that water flows within rigid valleys
of predetermined topography. When this assumption applies, a variety of flood routing
methods are available. These methods include both simplified approaches and
sophisticated computer models, and have been extensively tested against available
laboratory and field data. Fluvial action, however, can sometimes significantly alter the
valley topography in the course of a single severe flood. Possible processes include bed
and bank erosion, levee breaches, channel avulsions, and floodplain stripping. Changes
in channel morphology may in turn significantly alter the path of the flood.

Such valley reworking is especially likely for severe floods associated with the failure
of natural and man-made dams. Provided loose material is available, water suddenly
released from an impoundment can entrain large volumes of sediment along the flood
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course (for a review of documented field cases, see Capart et al., 2001). To treat such
geomorphically active floods, routing methods must be able to simultaneously account
for water and sediment motion, and for the co-evolving valley topography. The present
paper does not advocate any particular strategy to achieve this objective. Rather, we
present a set of field data that is well suited for the testing of modelling approaches. The
data pertain to a field case that is both especially severe and unusually well-documented:
the 1996 Lake Ha! Ha! breakout flood, in the Saguenay region of Québec, Canada. Our
purpose in this paper is to provide an overview of this event, and to describe the
associated data set made available in digital form in the electronic supplement to this
special issue.
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THE 1996 LAKE HA! HA! BREAKOUT FLOOD

Based on accounts from CSTGB (1997), Lapointe et al. (1998), and Brooks and
Lawrence (1999; 2000), the context and sequence of events which produced the 1996
flood of the Ha! Ha! River can be summarized as follows. From July 18 to July 21,
1996, unusually heavy rains affected the Saguenay region of Québec, Canada, between
Lake St. Jean and the St. Lawrence River (Fig. 1). This led to widespread flooding and
damage including the destruction of many run-of-the-river dams on rivers discharging
into the Saguenay River and Saguenay Fjord. As illustrated by the relief image of Fig. 2,
the regional topography reflects structure, faulting and jointing in the bedrock of the
Canadian Shield which controls drainage patterns. Glacial deposits aggraded during the
Laurentide glaciation locally divert drainage. As a result, rivers in the region can
experience course adjustments under floods of large magnitude. Among these rivers, the
most severely affected during the 1996 floods was the Ha! Ha! River. This river drains a
catchment of 610 km2 shown on Fig. 1 and outlined in greater detail on Fig. 2. Oriented
South-North, the Ha! Ha! River links Lake Ha! Ha! to the Ha! Ha! Bay, an arm of the
Saguenay Fjord. The river course from lake to bay is depicted in Figure 3.

The Ha! Ha! Lake is impounded by a concrete dam which suffered little damage during
the flood. Lake breaching nevertheless occurred when a small earthen dyke situated to
the south of the dam was overtopped by the rising water level. Incision of a new outlet
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channel resulted, bypassing the concrete dam and leading to rapid drainage of the main
lake. The former position of the eroded dyke, the incised outlet, and the drained lake can
be seen on photo F of Fig. 4 (see also Fig. 5a). Due to the incision, the lake level
dropped from a level of 381 m to a new level of 370 m A.M.S.L. For the first 2 m of
this sudden drawdown, water was also drained from a second upstream lake, Little Lake
Ha! Ha!, separated from the main lake by a sill at 379 m A.M.S.L. The combination of
inflow from the heavy storm precipitation and the water drained from the lakes resulted
in an unusually large outflow to the Ha! Ha! River. Based on the reconstructed time
history of the first stages of the lake level drop (CSTGB, 1997), combined with the
relation between lake level and lake area extracted from air photos (see below), we
estimate the peak outflow at some 1010 m3/s. The value is consistent with the peak
discharge inferred by Brooks and Lawrence (1999) to be in the range 1080-1260 m3/s at
a surveyed cross-section 27 km downstream of the dyke. This and other stage and
discharge estimates are summarized in Table 1.

The resulting flood discharge severely affected the Ha! Ha! River valley. At the Chute à
Perron, some 23 km downstream of the failed dyke (Fig. 3), a large scale avulsion
occurred. Instead of following its original course down steep bedrock rapids, flood flow
bypassed the bedrock control and incised a new course into loose sediment (see photo N
of Fig. 4). The scour depth reached about 20 m at the avulsion, and a large volume of
sediment was eroded upstream over a length of some 3 km, forming a deep and wide
ravine called the "cratère" by the nearby inhabitants. Further downstream, along the
lowest 4 km of the river above Ha! Ha! Bay, severe widening occurred (see photo Y of
Fig. 4). The downstream geomorphic influence of the flood was however variable.
Whereas severe effects were observed at the lake breach, the Chute à Perron avulsion
and the widened reaches near the Bay mouth, other reaches were left substantially
unaffected. This includes various locations where bedrock controls inhibited erosion
(see photo S of Fig. 4). The photos of Fig. 4 are part of a series of helicopter photos
taken immediately after the flood on July 28-29, 1996. Although only some of them can
be reproduced in this paper, a set of 26 photos labelled A to Z is included in the
electronic supplement.
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A more global view of the pre- and post-flood river course can be gained from the air
photo mosaics of Fig. 5b-c. The mosaic of panel 5b shows the state of the valley in 1994,
before the flood. On this image, the river course appears only as a thin black ribbon,
which we have marked by white arrows for clarity. The mosaic of panel 5c, on the other
hand, shows the immediate post-flood valley on July 30, 1996. Here, the river course
appears as a wide, white belt that can be clearly identified even at this scale. On the
mosaic of panel 5c, wire frames are used to mark the projected outlines of the 26
oblique helicopter photos. The reader seeking an unobstructed view or wishing to zoom
in on valley details is directed to the electronic supplement, where higher resolution
versions of the 1994 and 1996 mosaics are included.

Ordered from upstream to downstream, additional helicopter photos are shown on Fig. 6
to highlight the diverse geomorphic changes experienced by the Ha! Ha! River. Photo E
is a view of the incised lake outlet. Starting from the dyke position, the breach outlet
retreated some 500 m into the lake basin. Photo I shows a widened reach and flattened
trees resulting from passage of the flood immediately downstream of the location where
the new outlet channel rejoins the old channel from the concrete dam. A bit further
downstream, the sediment deposit draped over the intact valley bottom on one side of
the river can be seen on photo J. Photo L shows a chute channel partially eroded across
a meander loop. Photo M depicts loose sediments along one side of the "cratère" zone
upstream of the avulsion at the Chute à Perron rapids. Some 2 to 3 km downstream of
the avulsion is a zone of deposition, depicted on photo O. Looking upstream, photo Q
shows a moderately widened reach, with an exposed rock outcrop on one side. Finally,
photo U shows a downstream reach in which the valley bed is composed of cohesive
material, contrasting with the non-cohesive material of most other exposed areas of the
post-flood valley. Modelling attempts may need to specifically account for the presence
of bedrock, cohesive and non-cohesive material along different segments of the bed and
banks. Other photographs and their interpretation are discussed in Brooks and Lawrence
(1998).

For further background information, the reader is referred to a number of published
studies. Overviews of the 1996 Saguenay floods are provided by CSTGB (1997),
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Germain (1997), Grescoe (1997), Fung et al. (1998; see CCRS, 1998) and Brooks and
Lawrence (2000). The meteorological and hydrological circumstances are described by
Milton and Bourque (1997), Yu et al. (1997), Milbrandt and Yau (2001), and Lin et al.
(2002). More specifically, the Ha! Ha! flood and its geomorphic influence on the
downstream valley are documented in detail in Lapointe et al. (1998) and Brooks and
Lawrence (1999). Finally, the fate of the sediments which reached the Ha! Ha! Bay and
Saguenay Fjord is discussed by Deflandre et al. (2002), Leduc et al. (2002) and St-Onge
et al. (2004).

Computational studies of the sediment motion associated with the Ha! Ha! flood have
been performed by Mahdi and Marche (2003), El Kadi Abderrezzak and Paquier (2004),
and Ferreira et al. (2005), using 1D methods with evolving transverse cross sections.
Two-dimensional computations were also attempted by INRS-Eau (1997), for the flood
hydrodynamics, and by Capart and Young (2004), for the geomorphic evolution of the
valley. It is hoped that the present dataset will facilitate the further testing and
comparison of such routing methods. A preliminary comparison exercise of this kind
was organized in November 2004 during a workshop of the European IMPACT project
(Zech et al., 2004).
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DATA SOURCES AND PREPROCESSING

The 1996 Ha! Ha! event is especially well-suited for testing purposes, not only because
of the severe changes that were observed, but also because of the unusual completeness
of the corresponding field data. The information available covers the hydrology of the
event, the pre- and post-flood valley topography, and the superficial geology. As
illustrated above, a rich photographic record also exists. The specific materials used to
prepare the present dataset are listed in Table 2. They were obtained from four major
sources: Photocartothèque Québécoise, Geological Survey of Canada (GSC), National
Air Photo Library, and INRS-ETE (previously called INRS-Eau). Beyond collecting
and digitising these data, a number of processing steps were conducted specifically to
prepare the present data set. These include: 1) extension of the DTM coverage to Lake
Ha! Ha!; 2) identification and registration of rock outcrops; 3) sampling of the elevation
data both on a regular grid and along evenly spaced cross-sections.
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3.1

Extension of the DTM coverage to Lake Ha! Ha!

The pre- and post-flood DTMs of the Ha! Ha! River obtained by photogrammetry are
unfortunately limited in coverage to the river corridor going from lake outlet to river
mouth. For modelling purposes, however, it is desirable to fully cover Lake Ha! Ha!.
This was achieved based on the 1973/74, 1996 and 1998 air photos (see Fig. 7) using
the following procedure. Vertical air photos (1973/74, full lake at approx.
z73 / 74 = 379 m A.M.S.L.) and oblique aerial photos (1996, drained lake at approx.

z96 = 370 m A.M.S.L.) were first registered onto the geo-referenced ortho-photo (1998,

full lake at approx. z 98 = 379 m A.M.S.L.) by way of calibrated projective transforms.
Lake contours were then extracted from the 1973/74, 1996 and 1998 ortho-rectified
images. Elevation fields for the lake bed above the drained lake level were then
obtained by interpolation/extrapolation using formulas
z (pre − flood) ( x, y ) = z96 +

d96 ( x, y )
( z73 / 74 − z96 )
d96 ( x, y ) − d73 / 74 ( x, y )

(1)

d 96 ( x, y )
( z 98 − z 96 )
d 96 ( x, y ) − d 98 ( x, y )

(2)

z (post −flood) ( x, y ) = z 96 +

where, for instance, d 96 ( x, y ) is the signed distance to point ( x, y ) from its closest
point along the 1996 lake contour (positive in the outward direction). Below the drained
lake level, an extrapolation extends inwards at a slope of 10°. Finally the elevation maps
obtained in this way are blended with the DTMs at the lake outlet. Despite the
approximate procedure used to reconstruct the lake bathymetry, there is good agreement
between the lake and river DTMs in their region of overlap. The complete DTM
coverage is shaded in grey in Fig. 3.

3.2

Identification and registration of rock outcrops

The DTMs discussed above provide the landscape topography z ( x, y ) over the region
of interest, a key information for numerical models. Another key constraint on the
geomorphic flows is likely associated with rock outcrops. The longitudinal profile of the
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Ha! Ha! River and its response to the 1996 flood suggest that rock outcrops act as rigid,
non-erodible controls on the channel morphology and river profile. For this reason, we
have reconstructed an approximate rigid bedrock surface z ( bedrock) ( x, y ) that can be
used as a model constraint. This surface was determined in the following way. First,
rock outcrops were identified on vertical and oblique aerial photos with the help of the
detailed superficial geology maps prepared at the GSC. The corresponding photos and
outcrop contours were then registered onto the 1998 ortho-photo. Some 20 outcrops
identified in this fashion are shown on Fig. 3. Finally, a contiguous rock surface was
constructed based on the outcrop contours: inside the contours, exposed rock elevations
were set equal to the 1996 DTM elevation; outside, on the other hand, hypothetical rock
elevations were extended to the subsurface by outward extrapolation at a downwards
dip angle of 10°.

3.3

Grid and cross-sections representations

The various spatial data collected were all co-registered in a common frame of reference.
The ( x, y ) coordinates used for this purpose are MTM (Modified Transverse Mercator
projection) zone 7 coordinates (NAD83). For convenient use by 2D numerical models,
all spatial elevation data are sampled onto a common spatial grid. The regular grid
chosen has square cells of dimensions 10 m by 10 m and covers domain
275000 m E ≤ x ≤ 282000 m E ,

5318000 m N ≤ y ≤ 5354000 m N .

(3)

To aid data visualisation and facilitate the use of 1D models, the data are sampled as
well along evenly spaced valley cross-sections. These cross-sections are oriented
roughly normal to the valley axis and spaced at intervals of 100 m (see Fig. 12a further
below). Each cross-section is identified by its streamwise distance s, measured along the
valley axis starting from the breached dyke, with data points along the normal-to-valley
direction n sampled at intervals of 10 m. The resolution of the DTMs does not seem to
justify using finer discretisations either for the Cartesian coordinates ( x, y ) or for the
curvilinear coordinates ( s, n) . Both the grid and cross-section data are provided in

electronic form in the supplement to this special issue.
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4

DATASET

The assembled data set includes two main quantitative components, presented in the
next two subsections: 1) hydrological data; 2) spatial data. These are illustrated on
Figures 8 to 12.
4.1

Hydrological data

The hydrological data includes stage and discharge estimates summarised in Table 1.
The more detailed information available concerning the drainage of Lake Ha! Ha! is
shown on the four panels of Figure 8. Panel 8a is the relation between water level and
surface area of the lake, as estimated from our reconstruction of the Lake Ha! Ha!
bathymetry. For elevations above the separating sill at 379 m A.M.S.L., the area of
Little Lake Ha! Ha! was added to the curve. The original level of the earthen dyke was
380.6 m A.M.S.L. and the drained lake level eventually decreased to 370 m A.M.S.L.
Panel 8b shows the time evolution of the lake level reconstructed by CSTGB (1997)
based on eyewitness accounts. It is estimated that the water level exceeded the dyke
level at about 14:00 hrs on July 19, 1996. The water reached an estimated maximum
level of 380.77 m A.M.S.L. in the lake before the rapid drawdown due to the dyke
breach. Note that the CSTGB reconstruction covers only the initial (most rapid) phase
of the drawdown, and the rate at which the lake level eventually dropped to its ultimate
drained level (370 m A.M.S.L) is unclear.

Based on the rainfall history shown on panel 8c, a discharge hydrograph of the inflow
into the lake was estimated by CSTGB (1997), and is shown on panel 8d. The outflow
discharge shown on the same panel was estimated by combining the inflow with the
lake drainage contribution. Lake drainage was computed based on the reconstructed
water level evolution (panel 8b) for the rapid drawdown phase, converted to volume
discharges using the area-elevation relation of panel 8a. Because we considered the
influence of drainage from Little Lake Ha! Ha!, the outflow hydrograph shown on panel
differs slightly (peak discharge of 1010 m3/s instead of 910 m3/s) from the curve given
in Lapointe et al. (1998). Further details concerning the lake drainage are provided in
Brooks and Lawrence (1999).
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In the downstream valley, the information available includes a discharge estimate based
on a surveyed cross-section in a reach that was not significantly affected by the flood,
located 27 km downstream of the lake (Brooks and Lawrence, 1999). Also, estimates of
the maximum water levels reached during the flood are available at a number of
downstream locations. These are based on surveys of valley residents and field
assessment of local high water marks. Among these estimates, the 42 data points
estimated by INRS-Eau (1997) to be the most reliable are indicated on Fig. 12c.

4.2

Spatial data

The assembled spatial data are illustrated on Figures 9, 10 and 11, covering respectively
the upstream, middle, and lower reaches of the valley. The shaded zone on panels "a" of
Figures 9-11 delineate the coverage of the extended DTMs. The topography data in this
zone are available for both the 1994 (pre-flood) and 1996 (post-flood) lake and valley.
The reconstructed bedrock elevation surface described earlier is also defined throughout
this zone. Within the zone of joint coverage of the pre- and post-flood DTMs, gray
tones are used to represent the geomorphic change induced by the flood. Dark tones
indicate erosion, bright tones indicate aggradation, and neutral gray tones indicate
insignificant change. The severe erosion experienced at the lake breach (up to 15 m of
erosion) can be seen on Fig. 9a, and on the cross-section of Fig. 9b. On Fig. 10a, the
most conspicuous feature is the severe erosion and widening that occurred at the Chute
à Perron avulsion (up to 20 m of erosion), also shown on the cross-section of Fig. 10b.
In the downstream reaches next to the Bay outlet (Fig. 11), the valley experienced
severe widening.

Based on the photo mosaic shown earlier on Fig. 5c, the spatial extent of the zone
affected by the flood was also mapped, and is depicted in grey on panels "b" of Figures
9-11. This can be compared with the pre-flood bank lines (inner corridor marked by
black lines) and with the inundation limits (outer corridor marked by black lines). These
limits were reconstructed based on the pre-flood topography and the recorded
high-water marks.
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The full set of valley cross-sections used to extract transverse profiles from the DTM
data are plotted in Fig. 12a. The cross-sections are referenced by their curvilinear
distance from the lake breach, measured along an approximate medial axis of the
post-flood river course. As illustrated in Fig. 12, the same valley cross-sections can also
be used to convert plane and elevation data to longitudinal profiles. River widths are
obtained by determining bankline intersections with the cross-section transects, and are
shown in panel b of Fig. 12 for both pre-flood and post-flood conditions. Likewise, river
elevation profiles are constructed by sampling the DTM elevations at the points of
intersection between the cross-sections and the pre- and post-flood thalwegs.

Due to the geomorphic change, these thalwegs do not coincide with each other, but they
can both be determined from the 1994 and 1996 DTMs. Panel c of Fig. 12 plots the
resulting profiles against the distance from the breached dyke. Shown in grey on the
same figure, the reconstructed bedrock surface was also sampled along the post-flood
thalweg. Finally, the high water marks are positioned on the longitudinal profiles by
interpolating onto the cross-sections a line connecting the data points. Relations
between the width and elevation changes experienced along the river course can be
ascertained by comparing panels b and c of Fig. 12. For model testing purposes, the
reconstructed bedrock surface and pre-flood ground topography can be used as initial
data, with the observed geomorphic change and high-water marks serving as validation
data for the model outputs.

Based on field observations and photo interpretation, a rough classification of the
superficial valley material exposed along the bed, left, and right sides of the post-flood
valley was carried out, and was registered to the long river profile. Where possible,
exposed material was identified as non-cohesive (soft sand and gravel), cohesive
(glaciomarine or glaciodiamicton), or bedrock, and the resulting classification is
indicated by sidebars in panels b and c of Fig. 12. Panel c clearly shows the influence of
the bedrock controls on the river profiles, emphasising the importance of including a
bedrock constraint in erosion models. The influence of cohesion on the profiles is not so
clear, yet appears significant judging from the knickpoint observed near km 33 in a
reach featuring cohesive material (photo U of Fig. 6). Local geological features like
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these cannot all be represented in a quantitative manner. It is therefore recommended
that modellers complement the DTM data with qualitative information gathered from
the helicopter photos and air photo mosaics.
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CONCLUSION

To test models of severe floods in rigid valleys, the required data include hydrological
records as well as detailed valley geometry and roughness information. Field data of this
kind are not widely available; they have been collected and made public for only a few
cases including the dam-break events of Malpasset, France (Hervouet and Petitjean,
1999) and Tous, Spain (Alcrudo and Mulet, 2006; this issue). For geomorphic floods,
data requirements are even more severe: the pre- and post-flood topography is desired,
and information about possible rock controls is required. Among the floods known to
have caused geomorphic changes, very few have been documented in sufficient detail to
satisfy these requirements.

As described above, a notable exception in this regard is the 1996 Lake Ha! Ha!
breakout flood, for which data are unusually complete. In addition to hydrological
records, detailed DTMs of the pre- and post-flood topography are available, and the rich
vertical and oblique aerial photographic record makes it possible to determine rather
precisely the location of important rock outcrops. In preparing the present paper and its
electronic supplement, we have sought to assemble and process the available data with
the needs of modellers in mind. By providing elevation data on a regular grid and along
valley cross-sections, for instance, it is hoped that the proposed data set will permit
testing of a variety of 1D and 2D approaches, and facilitate their comparison with each
other and with the field measurements.
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TABLES

Table 1. Stage and discharge estimates.
Parameter
Maximum

Ha! Ha! Lake

Location

Value

Source

km 0

380.77 m

CSTGB (1997)

stage

A.M.S.L.
Ha! Ha! Bay

km 36

7 m A.M.S.L.

INRS-Eau (1997)

Peak

Ha! Ha!

Inflow

−

160 m3/s

CSTGB (1997)

discharge

Lake

Outflow

km 0

1010 m3/s

This paper,
calculated from
data in CSTGB
(1997)

km 27

1080-1260 m3/s

Ha! Ha!

Surveyed

Brooks and

River

cross-section

Tributary

Huard

km 9.8

34 m3/s

Scenario 4 of

inflows

Grand-Père

km 20.6

25 m3/s

CSTGB

Cèdres

km 25.8

37 m3/s

(INRS-Eau,

Rocheux et

km 27.7

84 m3/s

1997)

Lawrence (1999)

Hamel
Note: all locations measured along valley axis starting from the breached dyke (see Fig.
3 and Fig. 12a). More complete hydrographs for Lake Ha! Ha! are shown on Fig. 8d.
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Table 2. Main sources of information used to prepare the present data set.
Source:

Data:

National Air Photo
Library, Natural
Resources Canada

Air photos of the pre-flood Ha! Ha! River valley (1973/74)

Photocartothèque
Québécoise

Air photos of the pre-flood valley (June 15, 1994)
Air photos of the post-flood valley (July 30, 1996)
Geo-referenced ortho-photo of the area (1998)

Geological Survey Oblique helicopter photos of the valley taken July 28-29, 1996
of Canada
Interpreted maps published in Brooks and Lawrence (1999)
Unpublished valley bottom surficial geology maps prepared by
G.R. Brooks.
INRS-ETE
(previously called
INRS-Eau),
University of
Québec

Hydrological data (including rainfall, discharge hydrographs and
peak stages) synthesised in INRS-Eau (1997).
DTMs of the pre- and post-flood valley topography obtained by
photogrammetry (Géolocation Pagé et Leclair, Inc) and processed
using the “Modeleur” software suite.
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FIGURE CAPTIONS

Figure 1. Regional setting of the Ha! Ha! River Basin. Contours show the total
precipitation (in mm of rainfall) from 08:00 hrs on July 18 to 08:00 hrs on July 21, 1996
(after Milton and Bourque, 1997).

Figure 2. Outline and relief of the Ha! Ha! River basin. Source of the RADARSAT
image: Canadian Space Agency (CCRS, 1998).

Figure 3. Course of the Ha! Ha! River from Ha! Ha! Lake to Ha! Ha! Bay.

Figure 4. Oblique helicopter photos of selected areas of the Ha! Ha! River affected by
the 1996 flood. Photo F: newly incised outlet through which the lake drained (marked in
white is the original position of a small earthen dyke chosen as km 0). Photo N:
avulsion zone near the Chute à Perron (km 23), where the flood flow bypassed the
original channel course (marked by the small arrow), incising a deep and wide channel
to the right. Photo S: bedrock canyon between km 31 and km 32 where erosion was
precluded. Photo Y: downstream view of the severely widened reaches near the river
mouth. A more complete set of photos (labelled A-Z) is included in the supplement, and
their location is marked on the photo mosaic of Fig. 5c. Photos taken by G.R. Brooks on
July 28 and 29, 1996.

Figure 5. Photo mosaics of the dyke area and river course: a) ground photos of the dyke
area, with the drained lake to the left and a remnant of the earthen dyke circled in white
(photos by G.R. Brooks) ; b) and c) air photos from 1994 and 1996, respectively before
and after the flood, registered on the 1998 ortho-photo (Source: Photocartothèque
Québécoise). White arrows on panel b) mark the river course, and frames on panel c)
denote the projected outlines of helicopter photos A-Z.

Figure 6. Sample of oblique helicopter photos documenting the Ha! Ha! River course
immediately after the flood (photos taken by G.R. Brooks on July 28 and 29, 1996). See
text for explanations.
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Figure 7. Contours of Lake Ha! Ha! derived from: a) 1973/74 air photos,
z73 / 74 = 379 m A.M.S.L. (Source: National Air Photo Library, Natural Resources

Canada); b) 1996 helicopter photos, z 96 = 370 m A.M.S.L. (photos by G.R. Brooks); c)
1998 orthophoto, z 98 = 379 m A.M.S.L. (Source: Photocartothèque Québécoise).

Figure 8. Hydrological data related to the drainage of Lake Ha! Ha!: a) relation between
lake level and lake area; b) reconstructed evolution of the lake level in the first days of
the flood; c) hourly rainfall which contributed to the lake inflow; d) reconstructed
discharge hydrographs of the lake inflow and outflow (= inflow + drainage). Lake level,
rainfall and inflow data on panels b) to d) are from CTSGB (1997). Planimetry data in
panel a) and outflow discharge in panel d) were recalculated to account for the influence
of Little Lake Ha!Ha! (for levels above the separating sill).

Figure 9. Flood influence on the upstream reaches of the Ha! Ha! River: a) geomorphic
change due to the flood obtained by subtracting the pre-flood topography from the
post-flood topography (black and white indicate erosion and deposition, respectively); b)
map showing the "active zone" reworked by the flood (in grey), the pre-flood bank lines
(narrow corridor marked by black lines), and the limits of the inundation zone (wide
corridor marked by black lines). Inset: transverse pre-flood (thin line) and post-flood
valley profile (thick line) at cross-section indicated by dashed line. A colour version of
the geomorphic change map is provided in the electronic supplement.

Figure 10. Flood influence on the middle reaches of the Ha! Ha! River. See Fig. 9 for
legend details.

Figure 11. Flood influence on the downstream reaches of the Ha! Ha! River. See Fig. 9
for legend details.

Figure 12. Longitudinal river profiles: a) evenly spaced valley cross-sections used to
extract 1D data from 2D maps and DTMs with numerals indicating distance from
breached dyke (in km); b) width changes induced by the flood (pre-flood and post-flood
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corridors marked by thin and thick lines respectively); c) elevation data: pre-flood
thalweg profile (thin line), post-flood thalweg profile (thick line), surveyed high-water
marks (dots), and reconstructed bedrock surface underlying the loose ground (grey).
Sidebars indicate the nature of the valley material exposed along the left and right banks
(panel b) and along the channel bed (panel c), based on field observations and photo
interpretation.
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