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1

Benoit Turcotte1 and Brian Morse2
Doctorate student, Civil Engineering, Université Laval,
1065 avenue de la Médecine,Québec, Qc, G1V 0A6
benoit.turcotte.1@ulaval.ca
2

Professor, Civil Engineering, Université Laval,
1065 avenue de la Médecine, Québec, Qc, G1V 0A6
brian.morse@gci.ulaval.ca

The internationally renowned St. Félicien Zoo, Quebec, Canada, is located on
an island that is exposed to ice jam and ice run hazards. On March 21st, 2012,
the development of an ice jam on the Aux Saumons River associated with an
early spring breakup event flooded the Zoo, diverted the ice run through the site,
caused 1.2 million dollars in damages, killed 22 animals, and exposed the Zoo
personnel to serious perils. This paper describes the breakup event of
March 21st, presents a one-dimension simulation of the ice jam, describes a
combination of recommended mitigation measures to protect the Zoo
infrastructure and residents against ice hazards, and presents a cost-benefit
overview in a changing climate perspective.

1. Introduction
River ice jams can affect populations and infrastructures along cold region channels of varying
sizes and gradients. Although ice jams are very chaotic ice processes, and despite the many
interactions that exist between the parameters associated with their development and stability, ice
jams have become better understood over the past decades (e.g., Beltaos, 2007).
Ice jam mitigation techniques have been addressed in a number of publications including Belore
et al. (1990), Burrell, 1995, and White and Kay (1996). Ice mitigation techniques represent an
engineering challenge for two reasons: Firstly, mitigation techniques remain largely
experimental and, while some of them have proven to be very effective (e.g., the ice control
structure on the Lower Credit River at Erindale, SK, Canada; e.g., Belore et al., 1990), others are
only effective during relatively weak breakup events (e.g., the ice control structure at
St. Raymond de Portneuf near Quebec City; Fig. 1). Secondly, the effectiveness of a mitigation
technique largely depends on the ice regime and on the morphology and geometry of the
channel, both at the local and watershed scales. This makes each technique very site-specific.
This article describes the development and the impacts of an ice jam that affected the Zoo
Sauvage de St. Félicien on March 21st, 2012. It also presents a simulation of the event using a
steady state, one-dimensional model as well as mitigation techniques that were considered and
recommended to reduce the risk associated with ice damages at the Zoo. The impact of climate
changes on future breakup scenarios are also presented as part of a cost-benefit overview.
2. Ice jam site
The Zoo is located near the town of St. Félicien in the Lac St. Jean region, 250 km north of
Quebec City (Fig. 2A-B). Some of the Zoo infrastructures are located on an island surrounded by
the Aux Saumons River (Fig. 2C-D; watershed area of 600 km2). Animals, some of which living
on the Island year-round, include a polar bear, seals, foxes, wolverines, otters, beavers, bald
eagles, and some farm animals.
Around the Island (Fig. 2D), from upstream to downstream, the morphology of the 0.37 km-long
north arm of the Aux Saumons River begins with a natural waterfall surmounted by a man-made
concrete weir. The channel is subsequently made of bedrock rapids entering a single, slowflowing pool forming a 90o elbow. The channel ends with short rapids. The width of the north
arm varies from 15 m (at the upstream and downstream bridges) to 25 m (in the pool). The
0.43 km-long, 20 m to 30 m-wide south arm begins with a concrete weir followed by steep
rapids and it ends with a long, wide pool.
Upstream of the Zoo, long slow-flowing channel segments (gradient of about 0.05%) alternate
with short rapids (Fig. 2C; gradient of about 0.5%). Downstream of the Zoo, the last kilometer of
the Aux Saumons River is relatively flat (0.01%). The much larger Ashuapmushuan River
(watershed area of 15 500 km2) partially controls the water level of the Aux Saumons River
downstream of the Zoo and the lower part of the Island can be flooded by high flows in the
Ashuapmushuan River (as seen in 1974 and in 2013).

At freezeup, which begins at the end of November, slow flowing segments, including the central
part of the north arm and the downstream part of the south arm, develop a floating ice cover.
Frazil production along rapids and riffles that remain exposed to increasingly cold air
temperatures can lead to the development of hanging dams (accumulations of frazil underneath
an existing, floating ice cover) at the head of pools. Subsequently, the bed of rapids and riffles
becomes covered with anchor ice (e.g., Kerr et al., 2002). Anchor ice accumulations can
eventually form weirs and dams, evolving into a suspended (or free-spanning) ice cover
(e.g., Tesaker, 1994; Turcotte et al., 2012).
Despite fairly cold air temperatures, often dropping below -30 oC during mid-winter cold spells,
the channel hardly freezes completely along its steepest segments. The suspended ice cover
frequently partially collapses during mild mid-winter episodes (above -5 oC), as observed around
the Island in the winter of 2013. At the beginning of March, the floating ice cover is usually 0.7
to 0.9 m-thick, but it can achieve a thickness greater than 1 m (of solid ice) at hanging dam
locations. No mid-winter breakup event has been reported at the Zoo in the last 50 years.
At breakup, which usually takes place at mid-April, the ice cover along rapids and riffles is lifted
from its emerging boulder and bank supports as the discharge begins to increase. The resulting
broken ice pieces form into small accumulations at the head of pools. Some thick floating ice
cover sections can support the forces associated with the increasing discharge or exerted by an
ice jam for many hours to many weeks. Because breakup normally takes place from upstream do
downstream, ice jams are believed to occur every year along the Aux Saumons River upstream
of the Zoo. Most ice jams form in uninhabited areas and therefore have no impact on
infrastructures.
As reported by the Zoo personnel, once the breakup front (or ice run) reaches the upstream tip of
the Island, most of the drifting ice is directed towards the north arm while the deeper water (icefree flow) is naturally deflected towards the south arm. As a result, most ice jamming problems
at the Zoo have historically affected the north side of the Island. The presence of a thick floating
ice cover in the elbow of the north arm and downstream of the Zoo often momentarily stops the
ice run and a jam can temporarily form there. Breakup along the larger Ashuapmushuan River
generally takes place a few days to a few weeks after that of the Aux Saumons River. Therefore,
the Aux Saumons River at the Zoo is particularly prone to breakup flooding.
The fact that the north side of the Island is low and flat represents an additional factor that
promotes ice jamming and ice-induce flooding at the Zoo. However, the March 21st, 2012 ice
jam represented an extreme event that the most experienced personnel of the Zoo had never seen
before. This breakup event was by far the earliest breakup since 1983 (when a hydrometric
station operated by the Provincial Government was installed on the Aux Saumons River at the
Zoo).
3. March 21st, 2012 event
The south and central regions of the Quebec province were affected by unusually warm and
sunny mid-march weather conditions in 2012. On March 20th, the air temperature reached 20 oC
in the St. Félicien area (Fig. 3A) and snowmelt runoff in the Aux Saumons watershed had
already increased the discharge by an order of magnitude (25 m3/s compared to its normal late-

winter value of 2.5 m3/s; Fig. 3B). On that day, the Zoo personnel witnessed the presence of an
ice jam 2 km upstream of the Island. Estimated ice conditions upstream of the Zoo on March 20th
are presented in Fig. 5A.
On March 21st at 1:00PM, the air temperature reached more than 20 oC and the Aux Saumons
River discharge gradually rose (Fig. 3B). It is assumed that the ice jam that had been observed
2 km upstream of the Zoo started moving at about 2:00PM as there was a brief rise in the
measured River discharge at that time (Fig. 4). This rise was immediately followed by a drop
(Fig. 4), indicating that water was being stored behind a new jam. The personnel could confirm
that the original jam had been displaced but could not confirm its new temporary location that is
assumed to have been at 0.7 km (foot of small rapids) upstream of the Island.
At 3:30PM, the River discharge started to rise again (Fig. 4) but no ice run was observed at the
Zoo. This indicated that the jam had either stopped forming or had been mobilized. At about
3:45PM, an impeded ice run (Jasek, 2003) was filmed as it was advancing towards the head of
the Island (Fig. 5B). Just before 4:00PM, the transition from an impeded to an unimpeded ice run
at the head of the Island (as the river evolves from a floating ice-covered pool into ice-free
rapids) generated a jave, whose shape (Fig. 4) was partly captured by the local hydrometric
station situated at the head of the Island. After 4:00PM, an ice jam started to form in the north
arm around the Island, but the exact location of its toe is uncertain. At 4:20PM, the north side of
the Island including the small farm, the bullfrog habitat, the bat habitat, the bald eagle aviary,
and the ice-cream store were partially or entirely destroyed by water and moving ice blocks
(Fig. 5C). Another concern of the Zoo personnel was the polar bear habitat that began to fill up
with water.
Fortunately, the ice jam released at about 4:30 PM and the ice rubble was displaced downstream
of the Zoo (Fig. 5D) and its backwater effect on the Island was reduced. As flood waters had
receded (5:00PM), Zoo personnel rescued a few animals but unfortunately, 22 of them were
either dead or had to be euthanized.
In the following days, warm weather conditions persisted but most of the snow pack in the
region had already melted and as a consequence no further flooding occurred. The damages to
the Zoo infrastructures (see Fig. 6) were evaluated at 1.2 million Canadian dollars.
4. Model
The ice jam of March 21st, 2012 at the Zoo was simulated using HEC RAS, the U.S. Corps of
Engineers’ one-dimensional hydraulic model that can simulate ice jams. The topography along
the lowest 4 kilometers of the Aux Saumons River and a relatively detailed topography of the
Island were obtained by field technicians from the Town of St. Félicien.
Despite the largely variable river discharge during the development and release of the ice jam
(Fig. 4), a steady state simulation was performed using HEC RAS as the model is not able to
simulate ice jam formation under unsteady flows. The discharge was set to 80 m3/s, the average
measured flow during the period of maximum flooding of the Island.

The head of the jam in the north arm was witnessed by the Zoo personnel. On the other hand, the
location of its toe could not be confirmed. Therefore, two jams with different toe locations were
simulated where a floating ice cover was initially in place. The toe of the ice jam N.1 was
simulated at the junction of the north and south arm while the toe of the jam N.2 was simulated
in the elbow of the north arm. In the south arm, photographs taken after the event suggested that
a small jam (S.1; which toe was probably located at the junction of the north arm) had formed
and released in synchronization with the north arm ice jam.
The total length of each jam was known and water levels at multiple locations could be estimated
using post-event photographs and reported observations. The highest tree scars on the Island
were more than 1.5 m above the ground. This additional information was considered in the
simulation.
Two ice jam combinations were simulated: N.1 – S.1 and N.2 – S.1. In HEC RAS, the friction
angle of ice blocks was set to 49o, the porosity of the jams and the stress K1 ratio were maintain
to their default values of 0.4 and 0.33, respectively, and the maximum velocity below the jams
was set to 2.5 m/s (default value is 1.5 m/s) to account for the fact the ice jams occurred along
rapids segments. The initial ice cover thickness was set to 0.7 m, based on post-event
photographs, and the Manning friction factor at the water-ice interface was set to 0.04. These
parameters were calibrated in order to match the water levels observed on the Island during the
event:
 0.5 m above the deck of the bridge located in the upstream part of the north arm (damaged)
 1.0 m at the ice cream store (completely destroyed by moving ice)
 1.5 m at the small farm (partially destroyed by moving ice)
The graphical results of each jam (N.1, N.2, S.1) are presented in Fig. 7.
The automatic HEC RAS calculation revealed that a total of 36 000 to 40 000 m3 of ice had
formed the jam of March 21st, 2012. There were about 8 000 m3 of ice in the south arm and along
its banks (S.1 ice jam), between 18 000 m3 (N.2 ice jam) and 22 000 m3 (N.1 ice jam) in the
north arm (including about 6 000 m3 overbank on the Island), and about 10 000 m3 downstream
of the Island (against and under the floating ice cover).
The simulation results (amount of ice in the jams, surface velocities upstream of the Island) also
revealed important complementary information:
 Only a net 1.3 km of River channel (ice thickness of 0.7 m and average channel width of
45 m) could have generated the jam (considering that relatively few ice floes had been left
along the banks as shear walls).
 About 70% of the ice run transited in the north arm (information corroborated by videos and
Zoo personnel) despite its slight smaller size.
 The ice jam could have formed in less than 20 minutes (which corresponds to the time
between the beginning of the unimpeded ice run upstream of the Island [just before 4:00PM]
and the maximum flooding on the Island [about 4:20PM]).

5. Solutions
5.1
Solutions considered
Three methods were considered to reduce the risk associated with ice jam flooding at the Zoo
and each method included different mitigation techniques and sub-techniques:
1. Reducing the vulnerability of people, animals, and infrastructures
a. Early warning system for breakup forecasting
b. Infrastructures protection against moving ice blocks using removable, ice-proof posts
c. Island protection
I
Against flooding and moving ice blocks using dikes
II
Against moving ice blocks using an ice-proof fence
2. Reducing de amount of ice transiting in the north arm
a. Reducing the amount of ice reaching the Zoo
I
With a floating ice control structure
II
With a fixed control structure
b. Diverting ice towards the south arm
I
By installing an ice deflection system at the head of the Island
II
By modifying the channel cross-section at the head of the Island
3. Improving ice transit in the north arm
a. Removing natural obstacles such as boulders and trees
b. Weakening the ice cover in the elbow or downstream of the Island
I
Using floating heavy equipment (amphibious excavator)
II
Using dust
III
Drilling a network of holes
IV
Using natural heat sources
c. Removing an existing ice jam using heavy equipment (remediation technique)
The 14 mitigation techniques were analyzed and either classified as rejected (subsection 5.2),
recommended (subsection 5.3), or optional (subsection 5.4).
5.2
Rejected mitigation techniques
Considering (1) the channel morphology and slopes, (2) the picturesque aspect of the Zoo with
the view and the sound of the Aux Saumons River, and (3) the sustainability and technical
feasibility of each mitigation measure, some of them were rejected:
 1.c.I : There is no space along the right side of the north arm to build dikes (or set-back
dikes). Moreover, dikes would alter the site’s charm, they usually offer a false impression of
security, and they can increase flooding levels by preventing water to be evacuated onto the
floodplain.
 1.c.II : There is a limited space along the right side of the north arm for the installation of an
ice-proof fence and the presence of rigid posts with limited spacing in between would
somewhat alter the site’s charm (Fig. 8A). Furthermore, a HEC RAS simulation shows that
adopting the installation of an ice-proof fence as a unique mitigation technique increases the
amount of ice that needs to be stored in the north arm and it therefore increases the flooding
levels on the Island and in the polar bear habitat at the head of the Island.
 2.a.I : The installation of a floating ice control structure (ice booms; e.g., Morse et al., 2006)
upstream of the Island would not effectively stop an incoming ice run. Moreover, ice booms




are usually used to improve surface ice development at freezeup whereas the ice cover
upstream of the Zoo already forms quickly in the fall.
3.b.I: The Amphibex amphibious excavator is relatively expensive and can hardly operate
efficiently in such a small channel. Moreover, it cannot be transported at the site on time
during sudden, early or mid-winter breakup events.
3.b.II: The River channel is narrow and partially shadowed by coniferous species. Short
wave radiation would only be partially effective if dust or dark organic material was spread
on the ice cover. Moreover, this technique would not be effective in the case of an early
spring or a mid-winter breakup event, or if there was a snowfall after the dusting operation.

5.3
Recommended mitigation techniques
No single solution can reduce the risk to an acceptable level. Therefore, a combination of
solutions is recommended.
Given that some breakup events occur at night and that Zoo managers are currently not informed
of the breakup activity in the river, the first recommended mitigation approach is to reduce the
vulnerability of people and animals by implementing an early warning system (solution 1.a).
This system would be based on a combination of weather forecasting and monitoring,
hydrological forecasting, hydraulic monitoring, ice movement detection, and ice condition
observations using cameras or people. The system would contribute in saving animals by
providing time to the Zoo personnel to prepare evacuations and it would indicate how much time
is left before the personnel must evacuate potentially flooded sites. The system could also be
used during the open water season for flood forecasting. The investment of this implementation
is evaluated to $25,000 with about $2000 of annual operational and maintenance cost.
A second recommended mitigation technique is to reduce the occurrence of threatening ice jams
by stopping the ice run upstream of the Zoo using a fixed ice control structure, or ICS (solution
2.a.II; Fig. 8B). The presence of a natural, forested floodplain on the left bank of the River 700 m
upstream of the Island is considered as an ideal location for its construction. The river at that
location is 40 m-wide and the floodplain is 2 m above the normal, low water level. The Zoo is
the owner of the flood plain.
The construction of an ICS would (1) generate an ice jam where consequences are negligible, (2)
allow a portion of the discharge to bypass the channel, therefore dephasing the breakup surge (or
jave) and the ice run, and (3) reduce the amount of ice reaching the head of the Island to an
amount less than 22,000 m3 (700 m-long, 45 m-wide channel covered with 0.7 m-thick ice).
Given that about 30% of the ice run is naturally sent in the south arm, and considering that the
river discharge when an ice jam forms might be reduced by the presence of an ICS (a reduction
of 25% was adopted), HEC RAS was used to simulate the development of the worst N.1 and N.2
ice jams possible in the north arm with an ice volume of 15,500 m3. The graphical results
presented in Fig. 9B show that the N.1 ice jam flooding with an operational ICS upstream of the
Zoo is significantly reduced compared with the status quo scenario (Fig. 9A; simulated N.1 ice
jam of March 21st). On the other hand, the flooding associated with the development of the worst
possible N.2 ice jam is only moderately reduced compared with that the status quo N.2 ice jam
flooding (Fig. 10). Consequently, the construction of an ICS upstream of the Island might
moderately to significantly reduce the risk associated with ice jams at the Zoo by reducing both

the frequency and the intensity of ice jamming activity. The investment required to apply this
mitigation technique is estimated to $200,000 with a $2000 annual maintenance cost to clean the
structure of debris. Environmental study costs would be additional to these amounts.
Given that most of the ice run is naturally deflected in the north arm, a third recommended
mitigation technique consists in modifying the high water level cross-section of the River at the
head of the Island to send 50% of the ice in the south arm (mitigation technique 2.b.II). This
technique, combined the construction of an ICS upstream of the Zoo, would reduce the amount
of ice transiting in the north arm to 11,000 m3. HEC RAS was used to simulate the worst ice
jams (N.1 and N.2) that could occur if both mitigation techniques (2.a.II and 2.b.II) were applied.
Results (Figs. 11 and 12) show that water levels could be further reduced compared with
status quo ice jams. The investment required to modify the cross-section upstream of the Island
is about $10,000 with no annual maintenance cost. Additional funds ($15,000) would be needed
if 2D modeling of the reach was required by the authorities before the rock outcrop was
truncated.
It is important to note that if more ice is deflected into the south arm in the absence of a ICS
upstream of the Zoo, the increased ice volume (from 8,000 m3 to 15,000 m3) could generate a
much larger ice jam than the March 21st S.1 ice jam (Fig. 13). This could result in undesirable
and dangerous flooding the polar bear habitat from the south channel.
Since the development of a potentially dangerous N.2 type of ice jam (toe located in the elbow of
the north arm) remains possible, the fourth and fifth recommended mitigation techniques are to
remove natural obstacles found in the north channel (mitigation technique 3.a) and to weaken the
ice cover there using a natural (groundwater) heat source (mitigation technique 3.b.IV). These
techniques cannot be simulated with HEC RAS as the model does not predict where an ice jam
forms.
There are boulders and mature trees (presenting ice scars) along the elbow of the north arm that
could act as supports for a N.2 ice jam. Removing these obstacles, an investment estimated to
$5000, would help ice circulation in the north arm. The Zoo personnel informed the authors that
a small groundwater well is located upstream of the Island on the right bank. The feasible
extractable discharge from the well is unknown. However, based on year-averaged air
temperatures, the groundwater temperature is estimated to be 3 oC. Using this heat source to
prevent ice development or to reduce the thickness of the floating ice cover in the elbow of the
north arm throughout winter would represent substantial weakening and corresponds to a
sustainable solution. This would further reduce the possibility of ice jamming in the north arm.
The investment required to implement this mitigation technique is estimated to $5000 with an
annual maintenance and operational costs of $1000.
The combination of five recommended mitigation techniques would significantly reduce the
frequency of major ice jams and the damages associated with ice jams at the Zoo. In the event of
an unexpected major ice jam, a recommended remediation technique (3.c) is to rely on heavy
machinery (located on the channel bank or on a bridge) to break the ice cover downstream of the
toe of the jam. This operation would have to be supervised by experienced river ice engineers or
technicians and is associated with a typical operational cost of $15,000.

5.4
Optional mitigation techniques
There is no counter indication to apply three additional mitigation techniques. These techniques
are not recommended because they are less sustainable, less effective, or less attractive than the
recommended solutions.
The installation of ice-proof posts and fences on the Island around key infrastructures
(solution 1.b) before freezeup, and their removal after breakup, could reduce damages in the
event of an ice jam comparable to the March 21st, 2012 jam. However, these posts would only
attenuate the damages to protected infrastructures, not to unprotected features such as trees.
Ice could be deflected towards the south arm by installing a fixed, ice deflecting structure
(solution 2.b.I; Fig. 8C) at the head of the Island instead of modifying the River cross section
(recommended solution 2.b.II). Nonetheless, this structure would alter the charm of the site and it
would require annual maintenance.
Finally, drilling holes in the elbow of the north arm and downstream of the Zoo might contribute
in improving the transit of ice floes around the Island by weakening the floating ice cover that
occasionally slows or stops the ice run. However, it is paradoxical that the efficiency of this ice
weakening approach increases when the breakup scenario becomes increasingly thermal, and
therefore naturally less threatening. This technique can hardly be applied on time during sudden,
mid-winter or early spring breakup events, and if drilling was done before a threatening
mechanical breakup event, its efficiency would still be limited. In HEC RAS, ice consolidation
(jamming) along the last kilometer of the Aux Saumons River downstream of the Zoo (as if
drilling would actually contribute in breaking the ice cover in pieces) was simulated. Based on
the model results, the limited water velocity (or channel gradient) and the high water level in the
Ashuapmushuan River does not allow significant consolidation, the ice volume stored
downstream of the Zoo is not significant, and the Zoo can still get flooded. Nonetheless, drilling
holes in the ice cover before breakup might reduce the risk associated with ice jamming at the
Zoo; it should not intensify ice jamming activity; and it may provide a sensation of security to
the Zoo personnel.
Ice weakening upstream of the Zoo is to avoid because the floating ice cover upstream of the
Zoo naturally slows the ice run, enabling ice floes to deteriorate before they reach the Island.
6. Cost-benefit overview
The investment associated with the adoption and application of five mitigation techniques (early
warning system, ice control structure, modification of the channel cross-section for ice
deflection, removal of natural obstacles, and ice weakening using groundwater heat) is estimated
at $300,000 with annual maintenance and operational cost of $8000. The risk associated with the
March 21st, 2012 event is defined as the sum of cost of the damages multiplied by the frequency
of events. The cost of the damages associated with the 2012 event is 1.2 million Canadian
dollars. In turn, establishing the frequency of a comparable ice jam is more complex.

The historical hydrological data and the associated meteorological data (Figs. 14 and 15)
revealed that the event of March 21st had a return period of about 100 years. This means that the
risk associated with ice jams at the Zoo represents an average annual loss of $12,000.
Historical documents revealed that ice jams had affected the Zoo in 1964 and possibly in 1976
(data of the event was missing but historical meteorological conditions were conducive for an
early, most probably mechanical breakup). If the Zoo is actually affected by damageable ice jams
at least every 25 years, the annual risk increases to $48,000.
Because the proposed solutions are expected to be sustainable over the long term, a projection of
the frequency of ice jams at the Zoo, and more generally of early or sudden mechanical breakup
events, is considered in a climate change perspective.
The theory regarding freezeup levels affecting breakup levels (e.g., Beltaos, 1995; 2007) has
been developed for relatively large, low-gradient rivers. In small, steep channels, such as the Aux
Saumons River, the water level drops fairly quickly after a pre-freezeup runoff event, the
amplitude of the ice-induced discharge depression (e.g., Prowse and Carter, 2002; Turcotte et al.,
2013) can compare with the variability of freezeup flows, the channel banks are fairly vertical,
and freezeup processes are different from there low-gradient channels counterpart (e.g., Turcotte
and Morse, 2013). Therefore, it is believed that breakup scenarios in small, steep channels are
relatively independent of the freezeup discharge. A variation in average rainfalls prior to
freezeup, as a direct climate change impact, should not significantly affect breakup scenarios
along such channels.
On the other hand, the expected increasing variability and average rise in winter air temperatures
in south and central regions of the Quebec province (e.g., Yagouti et al., 2008) could result in a
significant increase of mid-winter thawing days and mid-winter breakup events. This is
especially true since warm spells in Quebec are often the result of depressions carrying heat from
the United States through the province. These atmospheric systems bring the most intense winter
precipitation and their average associated snow-rain boundary should shift northward in a
warming climate. Therefore, midwinter breakups, beyond the most mechanical events, should
occur in watersheds that were not affected in the past (e.g., Beltaos, 2007), including the Aux
Saumons River watershed.
Similarly, spring breakup events should occur earlier. Even though the floating ice cover along
low-velocity reaches will probably become thinner in a warming climate, the thickness and
structural resistance of suspended ice covers along rapids and riffles could evolve differently.
Research about the factors that control breakup along steep channels is underway. Another
important factor affecting breakup, the sun angle or the intensity of short wave radiation (e.g.,
Hicks et al., 2008), will remain constant while breakup tends to occur earlier. As a result, the
internal resistance of the ice prior to breakup could increase in a warming climate. This could
lead to increasingly mechanical breakup scenarios, generating ice jams more frequently.
Finally, increasingly frequent mid-winter breakup events might lead to an augmentation in the
total amount of ice produce by a given channel segment in winter. For example, the
Montmorency River near Quebec City was affected by a mid-winter breakup event on Jan. 31st,

2013. Upstream of the resulting major ice jam, the channel remained largely open during the
next two weeks while air temperatures were consistently below -5 oC with some nights at -30 oC.
The amount of frazil produced was significant in reaches that are usually cryologically stable
(the maximum floating ice cover thickness is almost achieved and the suspended ice cover is
stable) at that time of year. Ice jams formed during previous mid-winter breakup events and
existing hanging dams can withstand the force of a subsequent ice run to initiate a new jam. The
interaction between ice jams from distinct breakup events is relatively under-documented, but
ice-induce flooding might become more frequent in certain regions.
Clearly, climate change could impact the frequency and the intensity of ice jamming events at
the Zoo in the years to come. An ice jam comparable to the March 21st, 2012 jam could occur
every 20 years or so. The risk associated with the March 21st event therefore increases to
60 000 $/year.
7. Conclusions
This paper has described the ice jam of March 21st, 2012 on the Aux Saumons River at the Zoo
Sauvage de St. Félicien. The ice jam and a number of mitigation techniques were simulated
using the one-dimension ice-hydraulic HEC RAS model. The particularities of the site
represented a challenge for the identification of an adequate combination of mitigation
techniques, especially because of the considerable volume of ice that needed to be stored away
from the vulnerable sites. Five mitigation techniques and one remediation technique were
recommended to reduce the risk. Despite these techniques will certainly attenuate the frequency
and consequences of ice jams at the Zoo, flooding could still occur, mainly because the ice cover
of the larger Ashuapmushuan River, located 1 km downstream of the Zoo, normally remains in
place while breakup is under way along the Aux Saumons River.
In a changing climate perspective, mid-winter and early breakup events, largely mechanical
scenarios, could become more frequent and intense. As a result, adopting the recommended
mitigation solutions could become profitable sooner than later.
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Figure 1. The ice control structure located at St. Raymond de Portneuf near Quebec City,
Canada. The channel is 100 m-wide (photograph provided by the Provincial Government).

Figure 2. (A) The lac St. Jean region is located in the central part of the Quebec province,
250 km north of Quebec City. (B) The town of St. Félicien is located at the west tip of the lake.
(C) The Aux Saumons River is a tributary of the larger Ashuapmushuan River that feeds into the
lake. (D) Some of the Zoo infrastructures are located on an island of the Aux Saumons River.
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Figure 3. (A) Historical (daily maximums, daily-averaged maximums, daily-averaged
minimums) air temperatures from 1960 to 2011 and measured air temperature in 2012 (from
March 16th to March 23rd; data provided by Environment Canada). (B) Historical (daily
maximums and averages) discharge of the Aux Saumons River from 1982 to 2011 and measured
discharge in 2012 (from March 16th to March 23rd; data provided by the Provincial Government).

Figure 4. Measured discharge of the Aux Saumons River on the afternoon of March 21st, 2012.

Figure 5. Estimated ice conditions along the Aux Saumons River at the Zoo on (A) March 20th
and on March 21st (B) at 3:45PM, (C) 4:20PM, and (D) 6:00PM.

Figure 6. Damages to the Zoo: (A) Smashed tractor, (B) Ice rubble across the small farm site, (C)
Destroyed ice cream store, and (D) ice rubble across the children playground. Photographs were
taken by the Zoo personnel.
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Figure 7. (A) N.1 ice jam in the north arm with a downstream toe, (B) N.2 ice jam in the north
arm with a toe located in the elbow, and (C) S.1 ice jam in the south arm.

Figure 8. Scheme of (A) an ice-proof fence along the north side of the Island (rejected mitigation
solution), (B) an ice control structure (ICS) located 700 m upstream of the Island (recommended
mitigation solution), and (C) an ice-deflecting structure at the head of the Island (possible
mitigation technique). The restaurant is pointed with a red arrow (maps on left hand side).

Figure. 9. (A) N.1 ice jam of March 21st in the north arm made of 22,000 m3 of ice (status quo)
compared with (B) the worst possible N.1 ice jam that would form with 15,500 m3 of ice if an
operational ICS was built upstream of the Island. The Aux Saumons River discharge is reduced
from 80 m3/s (A) to 60 m3/s (B) because the ICS is dephasing the breakup surge and the ice run.

Figure. 10. (A) N.2 ice jam of March 21st in the north arm made of 18,000 m3 of ice (status quo)
compared with (B) the worst possible N.2 ice jam that would form with 15,500 m3 of ice if an
operational ICS was built upstream of the Island. The Aux Saumons River discharge is reduced
from 80 m3/s (A) to 60 m3/s (B) because the ICS is dephasing the breakup surge and the ice run.

Figure. 11. (A) N.1 ice jam of March 21st in the north arm made of 22,000 m3 of ice (status quo)
compared with (B) the worst possible N.1 ice jam that would form with 11,000 m3 of ice if 50%
of the ice run was diverted towards the south arm with an operational upstream ICS. The Aux
Saumons River discharge is reduced from 80 m3/s (A) to 60 m3/s (B) because the ICS is
dephasing the breakup surge and the ice run.

Figure. 12. (A) N.2 ice jam of March 21st in the north arm made of 18,000 m3 of ice (status quo)
compared with (B) the worst possible N.2 ice jam that would form with 11,000 m3 of ice if 50%
of the ice run was diverted towards the south arm with an operational upstream ICS. The Aux
Saumons River discharge is reduced from 80 m3/s (A) to 60 m3/s (B) because the ICS is
dephasing the breakup surge and the ice run.

Figure. 13. (A) S.1 ice jam of March 21st in the south arm made of 8,000 m3 of ice (status quo)
compared with (B) the worst possible S.1 ice jam that would form with 15,000 m3 of ice if 50%
of the ice run was diverted towards the south arm with no upstream ICS. The Aux Saumons
River discharge is equal to 80 m3/s for both simulations.

Figure. 14. Historical (1982-2011) discharge data (daily Max, Min, and average) combined with
the measured, daily-averaged discharge in 2012 (from Jan. 1st to May 31st; data provided by the
Provincial Government).

Figure. 15. Historical (1960-2011) air temperature data (daily Max, Min, and average from
Jan. 1st to May 31st) combined with the daily maximum air temperature in 2012 (from March 17th
to March 24th; data obtained from 4 Environment Canada weather stations).

