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Abstract: In cold regions, every year, river-ice jams generate sudden, surprising, intense flooding that
challenges the capacity of public security services. This type of flood is commonly unpredictable and
often appears chaotic because its occurrence depends on multiple, interacting weather, hydrological,
ice and morphological parameters. This paper presents the findings of a research project assessing
how climate change impacts dynamic river-ice breakup and associated floods along seven rivers of the
province of Quebec, Canada. A combination of empirical river-ice breakup models, state-of-the-art
hydrological simulations and standardized climate projections was used to estimate the historical
(1972–2000) and future (2042–2070) frequencies of dynamic breakup events. Ice jam flood damage
reimbursement data were used to predict changes to financial risk associated with dynamic breakup
events. Results show that, overall, ice-jam floods will generate more damage in the future, which
justifies watershed-based flood adaptation plans that take into account cold regions hydrological
processes. The success of the methodology also sets the table for a comparable project that would
include more rivers from different regions of Northeastern America.
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1. Introduction

Each winter and spring, river ice jams generate flooding and cause significant damage in Canada
and in other cold countries of the world [1]. These ice jams are mostly associated with dynamic river-ice
breakup events, characterized by the rupture and mobilization of a resistant ice cover by a rapidly
rising discharge (this is opposed to thermal river ice breakup scenarios that occur when the ice cover
degrades and melts in place for several days to weeks before its disintegration) [2]. The occurrence
of a dynamic breakup event in a specific watershed, and the intensity of resulting ice jams, forming
when a section of mobilized ice cover (the ice run) encounters a downstream obstacle (e.g., a thick
ice cover or ice accumulation, bridge piers), a congestion point (e.g., an island or a narrow), or an
energy dissipation location (e.g., a channel widening or a slope attenuation) [3], depend on multiple
hydrometeorological parameters, e.g., [4]. Simply stated, the combination of a competent ice cover
subject to a significant increase in runoff (caused by high snowmelt rates or an intense rain event) is
the normal scenario leading to an ice jam flood.

Ice jam floods tend to occur very fast compared with open water floods, with water levels rising
by more than a meter in less than an hour, e.g., [5] and with water levels reaching elevations that are
several meters above the open water rating curve, e.g., [2]. Moreover, resulting high water levels can
persist for several days, and if the ice jam is the result of a mid-winter breakup event (i.e., usually a
rain on snow event), the flooded area can freeze after the return of cold weather, which significantly
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complicates post-event recovery. As a result, there is a significant interest in being able to predict ice
jams. This need has led to the development of several river ice models, e.g., [6,7], some of which could
be used to design (and to confirm the financial benefit of [8]) flood control measures [9,10].

If ice jams and their impacts can be predicted with some degree of accuracy in the short term,
public safety services, hydropower agencies, insurance companies and transportation infrastructure
managers may also wonder about long term projections. More specifically, stakeholders could have an
interest in being informed about the impact of a changing climate on the frequency and severity of
ice jam floods, and therefore on their future activities and investments. The media covering ice jam
flood events often ask what role did climate change play. River ice experts consider this to be a good
question, in part because there is not much literature on the topic, e.g., [4,11,12].

In the province of Quebec, Canada, where ice jam floods are common [1], observations made by
the authors since 2010 in watersheds located both on the north and south side of the St. Lawrence
River suggest that winter and spring meteorological conditions are becoming more unstable, both
in terms of amplitude and frequency. Recent weather is conducive to more frequent (1) mid-winter,
partial breakup events [13] (some mid-winter ice jams remain in place until spring breakup) followed
by significant frazil ice production (e.g., January 2010 and 2018, February 2013, December 2018) and (2)
spring breakup ice jams (severe March 2012 air temperatures anomaly, important rainfall in April 2014,
2016, and 2019). It seems that the combination of altered river-ice breakup driving or resisting factors
and winters that would, overall, remain cold enough to generate an ice cover on rivers located north of
Montreal, Quebec, would produce more frequent ice-jam floods and generate more damage in the
future. This hypothesis is based on observations, judgement and the literature [11,12], and it led to the
study reported here.

The objective of this paper to quantify the impact of climate change on ice jam floods in Quebec.
Since provincial stakeholders and authorities have an interest in comparing the frequency and financial
risk of historical and future dynamic river-ice breakup events along rivers that are prone to severe ice
jams, they requested and supported this research.

2. Background

It may be perceived that global warming will eventually prevent river-ice formation and therefore
progressively eliminate the risk associated with ice jams on an increasing number of northern rivers.
However, in addition to higher rising average winter air temperatures, climate change also alters
precipitation patterns and, more generally, increases weather variability [14]. It was anticipated by
river ice experts that ice conditions would not simply become more benign as cold regions warm up,
e.g., [15]. An increase (or a decrease) in the occurrence of ice-jam floods would, in part, depend on
whether hydrometeorological fluctuations driving breakup can dominate (or not) over ice-weakening
caused by an average rise in winter air temperatures.

Trends and projections of different meteorological and river-ice parameters that affect the
occurrence of ice-jam floods in Canada have been reviewed [4,12]. It seems that rising winter
and spring temperature trends (1948–2016) are weaker in some areas of Eastern Canada compared with
the national average [11], and a similar interpretation can be made about the evolution (1948–2012)
of average winter and spring precipitation [16]. Beyond the changing duration of the ice season and
maximum thickness of ice covers on lakes and rivers, as reported by several authors, e.g., [13,17],
the effect of climate change on the frequency and intensity of ice jams still remains largely anecdotal.

Different methodologies can be used to estimate how the changing climate will affect the frequency
and intensity of ice-jam floods in Quebec over the 21st century. Three approaches proposed in the
literature [4] are likely to provide tangible quantitative results. Interestingly, the simplest approach,
which is the statistical analysis of the trend of historical ice-induced maximum water levels, has not yet
been widely applied in Canada (two examples for the Athabasca River and for the Yukon River are
presented in [4]). This is probably because, at least in part, there are gaps in many historical hydrometric
records across Canada [18], especially during high water events. Hopefully, the pioneering work that
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consists in extracting meaningful information from 196 hydrometric station historical winter records to
create the Canadian River Ice Database (CRID) [19] will facilitate the application of this first approach
in Quebec, as well as in other parts of Canada.

Another approach proposed in [4] is to compare the breakup regime of two rivers of comparable
size and profile, one in the region of interest, and the other in an area where the current climate is
representative of the future climate in the area of interest. This approach has apparently not been
applied yet, but there are already some insights about its potential: It was suggested that meteorological
patterns in southern Quebec would eventually compare to what currently prevails in Pennsylvania and
New Jersey [20]. The United States (US) Army Corps of Engineers Ice Jam database [21] reveals that the
number of ice jams in the Northeastern US follows a declining trend in recent decades. Observations
from the Northeastern US [22] also propose that the short duration and low intensity of cold periods
combined with dominant above-freezing temperatures and more frequent rain events are preventing
the formation of a complete ice cover at an increasing number of locations and, as a consequence,
breakup scenarios are becoming more thermal. However, intense ice jam events are still happening in
watersheds located just south of Quebec, especially during the mid-winter period [23,24]. In addition,
and although the climate transposition may not be as representative, it was found, using empirical
thresholds, that mid-winter and spring breakup ice jams in Midwest US were becoming less frequent,
but potentially more intense [25].

A third approach, applied in this paper, involves using different types of river-ice models to
simulate historical (for calibration and testing) and future breakup or ice-jam events. This approach
depends on the availability of reliable meteorological data, hydrological data, and ice-related data
(e.g., water levels) or observations (e.g., confirmed ice-jam events). It was applied on three rivers
of Midwest US [25], but only for hindcasting. In recent years, the University of Saskatchewan has
produced key papers relying on this approach. The MESH hydrological model [26] and the RIVICE
numerical river-ice model [27] were used to simulate water levels associated with future ice jams
on the Athabasca River at Fort McMurray, Alberta, Canada [28]. This approached was applied to
ensembles of ice-jam water levels to generate the future 100-year return period flood delineation for
Fort McMurray [29]. The results suggest that ice-jam floods will become less frequent at Fort McMurray
during the period of 2041–2070 compared with a baseline period of 1971–2000. Interestingly, it had
been mentioned [30] that extreme events could still happen at that location, which was indeed the case
during the spring of 2020.

A wide range of hydrological and river-ice jam (or river-ice breakup) models can be used
through this approach. In addition to MESH, other hydrological models may include CHM, e.g., [31];
GEM Hydro, e.g., [32]; Raven, e.g., [33]; or HYDROTEL, e.g., [34]. In terms of river-ice models,
new versions of HEC-RAS [35] are now adapted to run a sequence of multiple ice-jam scenarios
efficiently (e.g., for ice-jam flood mapping, e.g., [36]). River-ice breakup and river ice jam models have
been listed in other publications, e.g., [6,7,29,37]. In terms of historical ice jam data, the ministère de
la Sécurité publique (Ministry of Public Security, MSP) of the Quebec Government maintains its own
ice-jam database, the Government of Canada is working on developing a federal ice-jam database [38],
and, as stated above, ice-jam data can be extracted from the CRID recently released by Environment
and Climate Change Canada [19].

Evaluating the risk of a hazard involves combining its probability and consequences. The level of
consequence is generally proportional to the hazard intensity. A common approach to quantify the flood
risk is to multiply a site-specific or synthetic stage-damage curve, e.g., [39] by a local stage-frequency
curve. Even if they occur regularly, generate significant damage, and depend on evolving weather
patterns, to the authors’ knowledge, the risk of ice jams floods in a changing climate has not yet been
estimated in any area of North America.
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3. Methodology

In order to estimate how the frequency of damageable breakup events will evolve in the future on
rivers across the Province of Quebec, the methodology adopted in this study involves inputting climate
change meteorological data into hydrological models and then feeding the resulting river discharge
into empirical breakup timing and intensity models. This section presents the details of the approach,
including how the authors evaluated the financial risk of future ice-jam floods.

3.1. Historical Data and Breakup Models

Seven unregulated or weakly regulated (natural hydrological regime with no seasonal storage)
rivers from different areas of Quebec were selected for the study (Figure 1, Table 1) based on their
known ice jamming activity as well as on the existence of flood studies that would contribute to a
better understanding of river-specific ice processes. Other sources of information, including the MSP
ice-jam database, watershed organizations database, municipal archives, newspapers, reports from the
private sector as well as recent observations made by the Laval University research group were used to
confirm the date and location of historical breakup ice-jam events along the rivers. The extent of this
information helped define the number of municipalities included in the study (Table 1).
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Figure 1. Location, watershed area and dominant flow direction of the seven rivers included in
the study.

Table 1. List of the seven rivers with their respective studied extent, average slope, reference
meteorological and hydrometric stations as well as average peak flow factor.

River River Extent
(km)

Average
Slope

Upstream and Downstream
Municipality

Federal Meteorological
Station ID

Provincial Hydrometric
Station ID

Peak Flow
Factor

L’Assomption 100 0.19% St. Côme to Joliette 7014160 052219 1.10
Châteauguay 60 0.05% Huntington to Châteauguay 702S006 030905 1.15
St. François 200 0.12% Weedon to Pierreville 7022160 030208 1.15
Chaudière 150 0.16% St. Ludger to St. Lambert 7028754 023429 1.25
Matapédia 70 0.19% Causapscal to Matapédia 7051200 011509 1.05

Matane 30 0.12% St. René de Matane to Matane 7057395 021601 1.15

Mistassini 70 0.12% Notre-Dame-De-Lorette to
Dolbeau-Mistassini 7065960 062102 1.05

The structure of each ice breakup model is the same that was presented for the Montmorency
River [23]. The model uses degree-days (DD) as a breakup resisting indicator and the estimated
discharge (Q) as a breakup driving indicator. Daily-averaged air temperature data available from
nearby Federal meteorological stations (Table 1) were used to determine the cumulated degree-days of
freezing (CDDF for winter ice jams) or cumulated degree-days of thaw above −5 ◦C (CDDT-5 for spring
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ice jams). The −5 ◦C correction is introduced as a mean to take other heat fluxes into account, most
importantly spring short wave radiation, in the approximate degree-days derived heat budget [40].
Daily-averaged Q data were obtained from Provincial hydrometric archives (Table 1), and maximum
daily-average flows associated with runoff events were multiplied by a station-specific peak flow factor
(Table 1) that was calculated based on recently published (generally post-1996) 15-min data.

Figure 2 presents an example of the model. The different model thresholds for ice-cover
mobilization (the first sustained ice movement with possible minor ice jamming, from green to yellow)
and severe ice jamming (entering the red zone) were adjusted for each river using (1) river ice theory
as well as (2) confirmed ice-jam events (generally post-1980, but also as far back as 1947, shown as
white diamonds in Figure 2) or ice mobilization and wash (final evacuation of ice and return to open
water conditions) observations associated with date-specific hydrometeorological data. Observations
of ice formation processes and the earliest historical ice jams were used to determine the number of
CDDF required to cool the water and to produce enough ice that would generate an ice jam if a runoff

event was to occur subsequently. These models are currently used operationally to predict winter and
spring floods in Quebec. In most models there is an overlap between the ice-jam flood zone and the
open-water flood zone (upper portion of the graph) because ice evacuation from the river may occur at
a discharge that is above the open-water flood threshold. This happens in river segments where the ice
cover is the most resistant.
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Figure 2. River-ice breakup model for the winter (left) and spring (right) periods for the Chaudière
River. White diamonds are confirmed ice-jam events and black dots are peak flows associated with
significant runoff events between 1972 and 2000.

Once each river-specific model was calibrated using the available information, historical
hydrometeorological data sets were used to identify any runoff event that could have caused a
winter or spring dynamic breakup event (e.g., black dots in Figure 2). The historical period was defined
as the 1972 to 2000 period for most rivers (the hydrological data for St. François River and Matane River
included too many gaps during the 1970s and the historical period was shifted to 1982–2010) to match
the reference period of future climate scenarios (Section 3.2). Constant values (for horizontal thresholds,
Table 2) or linear equations (for rising thresholds) were used to automatically identify runoff events that
would fall above the ice cover mobilization threshold (from green to yellow), which would indicate a
dynamic breakup event. However, each runoff event was subsequently manually scanned and some
runoff events were discarded from the breakup-event category for the following reasons, which are
all based on the best available knowledge about breakup processes (this step in the methodology is
critical and represents the bulk of the analytical effort):
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• When a (partial or complete) breakup event was closely (in terms of CDDF or CDDT-5) followed
by an equal or lower second runoff event, this second peak was discarded as it would not generate
additional ice movements that could cause flooding.

• When there was insufficient ice produced (less than 100 to 200 CDDF, depending on the river)
since the last partial or complete winter breakup event to generate any significant ice jam.

• When there was enough melting (generally more than 50 CDDT-5) after a partial spring breakup
event to considerably reduce the probability of a significant ice jam.

Table 2. Ice cover mobilization threshold, winter and spring runoff events over 29 winters (all runoff

events and confirmed ice jams, both data sets presented in Figure 2), probable and confirmed dynamic
breakup events (selected runoff events in the yellow and red zones) and average annual breakup
frequency for each studied river.

Rivers Breakup
Threshold

Total Winter and Spring
Runoff Events

Selected Breakup
Events

Frequency (Breakup
Events/Year)

L’Assomption 35 m3/s 173 37 1.3
Châteauguay 80 m3/s 350 87 3.0
St. François 300 m3/s 568 74 2.6
Chaudière 100 m3/s 338 95 3.3
Matapédia 40 m3/s 143 66 2.3

Matane 40 m3/s 289 58 2.0
Mistassini 300 m3/s 202 38 1.3

In turn, some rising discharge events entering the yellow zone, but with a peak located in the
green zone, were manually added to the data set and considered as potential dynamic breakup events.
For the remaining ambiguous situations, additional judgment was used, including considering the
current winter severity, watershed orientation, snowfalls, and spatial breakup patterns specific to each
river system. In the end, all remaining (probable and confirmed) dynamic breakup events were used
to calculate the average annual dynamic breakup frequency over 29 consecutive winters (Table 2). It is
of interest to note that the three highest frequencies (from 2.6 to 3.3) were obtained on rivers located in
the south-eastern (warmest) portion of Quebec. This area is regularly affected by warm and humid
systems from the Atlantic Ocean and therefore, as reported in the Northeastern US [23,24], mid-winter
ice jams are common.

3.2. Future Climate

The next step was to apply the same methodology to future winters. This means that both future air
temperatures and future flow conditions would be needed. Weather conditions associated with tens of
future climate scenarios (2042–2070) were available for the province of Quebec. A common distinction
between the different scenarios is the RCP (Representative Concentration Pathway), which represents
carbon emission concentration that affects atmospheric processes [14], whereas another difference is
the model that simulates the Earth climate. Nine scenarios were selected (Table 3), in collaboration
with Ouranos experts, based on a broad spectrum of possible climate warming intensities to account
for future climate uncertainty [41]. Another selection criterion was the availability of associated
hydrological simulations for the watersheds included in this project. These hypothetical future
discharge products were prepared by the Quebec Government using HYDROTEL (the same model
that is used daily to forecast flows for several hydrometric stations in the province).

In this study, the version of each retained future climate scenario was simulating a bias correction
compared with an observed climate reference 70 years earlier (this technique is called quantile mapping,
as opposed to a statistical perturbation [42]). Therefore, as an example, a simulated runoff event
on 27 January 2056 would correspond to the runoff event of 27 January 1986, but with a different
shape, peak flow (vertical position), and corresponding CDDF (horizontal position). This example is
illustrated in Figure 3.
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Table 3. Range of average rise in winter and spring air temperatures for each river based on
Model-RCP combinations.

Emission Scenario Projected Rise in Winter and
Spring Air TemperaturesClimate Model Representative Concentration Pathway

MPI-ESM-LR RCP 4.5
2.1–3.0 ◦CACCESS1-3 RCP 4.5

CMCC-CMS RCP 4.5

MPI-ESM-LR RCP 8.5
3.3–4.0 ◦CBNU-ESM RCP 8.5

CMCC-CMS RCP 8.5

MIROC5 RCP 8.5
4.8–6.0 ◦CMIROC-ESM-CHEM RCP 4.5

MIROC-ESM-CHEM RCP 8.5
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Figure 3. (A) Hydrometeorological data of winter 1985–1986 on the Chaudière River applied to the
breakup model, including the reported ice jam of 27 January 1986 and (B) Data from the corresponding
simulation of scenario MPI-ESM-LR RCP4.5 for winter 2055–2056.

To make sure that HYDROTEL was providing realistic future flow outputs and therefore to reduce
any bias-induced hydrology computation, measured (estimated) historical conditions were compared
with simulated historical conditions. The superposition of both flow data sets was interpreted visually,
and dynamic breakup statistics were compared. This analysis revealed that HYDROTEL performed
well for 2 rivers (Châteauguay and Chaudière, for which simulated and measured historical flows were
similar), but for the remaining 5 rivers, the historical hydrological simulations had some discrepancies
from observed flows. Therefore, to quantify the impact of climate change for those 5 rivers, rather than
comparing simulated future flows with observed historical flows, to account for modelling bias,
simulated future flows were compared with simulated historical flows.

The next step consisted of inserting future CDDF, CDDT-5 and Q data sets from each climate-change
scenario (Table 3) into the corresponding breakup model and to automatically (using identical
thresholds) and manually identify runoff events that would cause dynamic breakup events in the
future. Table 4 presents the number of simulated runoff events that were analyzed for each river for
all 9 climate scenarios as well as the final number of runoff events that were considered to generate
dynamic breakup events. Once this analysis was completed in a consistent manner, results were
compiled to illustrate the impact of climate change on dynamic breakup events, and by continuity,
on future ice-jam floods (refer to Section 4).
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Table 4. Future (2042–2070) winter and spring runoff events over 29 winters for 9 climate scenarios,
and probable (selected) dynamic breakup events for each studied river.

River Total Winter and Spring Runoff Events Selected Breakup Events

L’Assomption 919 253
Châteauguay 2833 537
St. François 2387 434
Chaudière 3011 839
Matapédia 721 334

Matane 852 283
Mistassini 1148 356

To account for the bias induced by the hydrological model for 5 of the 7 rivers, a bias-correction
factor (dynamic breakup frequency based on measured historical Q divided by dynamic breakup
frequency based on simulated historical Q) was applied to the future frequency results. For example,
simulated historical Q values for the St. François River produced a dynamic breakup frequency of
1.4 events per year (as compared with 2.6 events per year obtained using measured historical flows,
Table 2). The authors therefore applied a correction factor of 1.86 (2.6/1.4) to the results associated with
simulate future conditions for that river.

3.3. From Ice-Jam Flood Frequency to Ice-Jam Flood Risk

A second objective of this project was to estimate the risk of historical and future ice-jam floods.
The risk, in terms of Annual Average Damage (AAD, in Canadian Dollars (CAD)/year), is obtained by
multiply the probability (or frequency, as presented in Table 2 for the historical period) by the cost (or
damage) of ice jam floods. The MSP provided damaged reimbursement data by the Government of
Quebec following flooding events in riverside communities included in the study (Table 1) for the
period of 1991 to 2014. A total of 100 distinct (watershed cumulated) reimbursements were linked
to specific winter and spring breakup events (mostly confirmed ice jams). Reimbursements were
converted to 2017 CAD.

An event-by-event investigation was performed to evaluate the relationship between breakup
intensity (yellow or red zones in Figure 2), or maximum estimated discharge (Q) associated with a
dynamic breakup event, and the reported Government reimbursement. In some cases, as the complexity
of ice jam flooding processes would suggest, no trend was found and a unique, event-averaged damage
cost was identified, independently of the maximum Q. However, in some cases, a logical tendency
between breakup intensity and reimbursed damage could be identified (Table 5) among the few data
points (average of 14 events associated with confirmed damage per watershed). For the Mistassini River,
due to a limited number of events with reported damage (4), 3 different relationships were established.

In order to obtain realistic results, it was important to account for weak ice-jam events or for false
alarms (known as false positives) that would result from a dynamic breakup model that is conservative.
A potential ice jam damage value was calculated for each river by applying the equations and values
presented in Table 5 to all dynamic breakup events for the same period of 1991 to 2014, regardless if
damage had been reported or not. Then, the total confirmed damage cost reported by the Government
for each river was divided by this potential damage cost, yielding a river-specific AAD ratio (last
column of Table 5). This ratio was applied to both historical (1972–2000) and future dynamic breakup
events (2042–2070).

A recent investigation conducted by the same research team for St-Raymond de Portneuf revealed
that the reimbursement offered by the MSP represented 30% of the total direct and indirect costs of
ice-jam flooding events. The AAD was therefore multiplied by 3 for all the rivers to account for damage
that are not included in the Government reimbursement program. Results for the historical period are
presented in Table 6.
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Table 5. Damage values or equations associated with dynamic breakup events (including one or
multiple simultaneous ice jams for a given runoff event) for each studied river. The last column
represents the total cost of ice-jam floods for each river for the period of 1991 to 2014 divided by the
calculated potential cost (using the previous two columns) of all the dynamic breakup events during
the same period.

Value or Equation of the Damage Associated with a
Dynamic Breakup Event (CAD) Confirmed vs. Potential

AAD RatioRiver Yellow Zone Red Zone

L’Assomption 5600 8875 (Q) − 890,000 81%
Châteauguay 26,500 265,000 28%
St. François 20,000 0.26 (Q2) + 73.5 (Q) − 100,000 42%
Chaudière 10,000 1.97 (Q2) + 1107.1 (Q) − 500,000 16%
Matapédia 1010.5 (Q) − 50,000 24%

Matane 190,500 47%

Mistassini
2.2016 (10−20) (Q7.978) 24%

0 0.721 (Q2) − 770.6 (Q) + 200,000 17%
25,000 250,000 28%

Table 6. Annual average damage (AAD) associated with ice-jam floods for the historical period
(1972–2000 or 1982–2010), based on 1991–2014 MSP data for each studied river. All the values are
expressed in 2017 CAD.

River Historical AAD (CAD/Year)

L’Assomption 220,000
Châteauguay 150,000
St. François 350,000
Chaudière 890,000
Matapédia 180,000

Matane 180,000
Mistassini 180,000

Total (7 rivers) 2,150,000

4. Results

4.1. Evolution in the Winter Distribution of Dynamic Breakup Events

The hydrological model for the Chaudière and Châteauguay Rivers were reliable enough (as
mentioned in Section 3.2) to investigate how the weekly distribution of dynamic breakup events over a
winter would evolve from the 1972–2000 period to the 2042–2070 period. Figure 4A shows that the
duration of the period associated with a non-zero probability of dynamic breakup on the Chaudière
River would be reduced by about 1 to 3 weeks at freeze-up and by 1 to 4 weeks in the spring, depending
on the intensity of climate change over a 70-year period. More importantly, smoothened model results
suggest that the dynamic breakup probability peak of early-December would tend to merge with a
higher mid-winter breakup probability and the end-of-March breakup probability peak would occur
in mid-March during the 2042–2070 period. Finally, the area under each curve would remain fairly
stable, with an average of three dynamic breakup events every winter.

Results for the Châteauguay River are somewhat comparable (Figure 4B), but there is no
substantial rise in the probability of mid-winter breakup events in future scenarios. As a result,
the area under the curve evolves from about three dynamic breakup events per winter under 1972–2000
hydrometeorological conditions down to only 1.5 dynamic breakup events per winter for a warming
of 6.0 ◦C.

As expected, the results show a reduction in the duration of the period during which dynamic
breakup events could occur for all seven rivers as climate becomes warmer. After considering
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simulated historical conditions for five rivers to account for the bias introduced by hydrological models,
results indicated that mid-winter breakup events become more likely for all seven rivers. In turn,
the likelihood of dynamic breakup events during the spring tended to increase for only three rivers in
future scenarios compared with historical conditions (Mistassini, Matane and Matapédia Rivers). In
other cases, the likelihood of dynamic breakup events during the months of January and February
tended to merge with the March or April peak probability (as depicted in Figure 4).
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4.2. Evolution in the Probability and Risk of Dynamic Breakup Events

Regardless of when dynamic breakup events and ice-jam floods may occur during the winter
period, most stakeholders are interested in knowing how the annual frequency and risk (AAD) of
those events will evolve in the future. Figure 5 presents three different types of results obtained from
the analysis of all climate scenarios. On the left (Figure 5A), future air temperatures warming in the
Châteauguay watershed are seen to generate a reduction in the probability of dynamic breakup events
and a corresponding reduction in the ice-jam floods AAD (for a constant exposure and vulnerability to
floods). This reduction is mostly caused by winters becoming too mild and winter precipitation mostly
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falling in the form of rain, a behavior that may be compared with prevails in some watersheds located
in the Northeastern United States [22–24].
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Figure 5. Frequency of dynamic breakup events (upper graph) and risk (AAD) associated with ice-jam
floods (lower graph) expressed as a function of air temperature warming (historical conditions are
presented in black and future climate scenarios in colors) for the (A) Châteauguay River, (B) Chaudière
River, and (C) Mistassini River.

The Chaudière River (Figure 5B), located in a slightly cooler area than the Châteauguay River,
is affected by two opposing processes: rain-on-snow events become more frequent, which promotes
dynamic breakup events, but the ice cover may occasionally remain too weak (thin or partial) to
offer significant breakup resistance. Finally, the Mistassini River (Figure 5C), located in a colder area
(Figure 1), would be affected by a slight rise in the frequency of dynamic breakup events. However,
these events would be associated with much higher discharges in the presence of ice, and as a result,
the AAD (calculated based on an average of the three values or equations presented in Table 5) of
ice-jam floods tends to rise significantly under warmer winter and spring conditions.

Figure 6 presents the summary of historical (black) and future (colored) frequencies of dynamic
breakup events as well as risk associated with ice-jam floods (AAD). The future intensity of warming
is the average of three scenarios, as presented in Table 3. Overall, for these 7 ice-jam-prone rivers,
the cost of future ice-jam floods would rise by about +30% over 70 years, going from CAD 2.2M to
CAD 2.9M (2017 CAD). However, results vary from −45% (Châteauguay R.) to +250% (Mistassini R.).

Figure 7 presents the same AAD results expressed from a geographic perspective. It shows that
the Châteauguay River, located in the area of the Province of Quebec where winters are known to be
the mildest, could see a decline (green) in the risk of ice-jam floods in the future. Two north-flowing
rivers located in central Quebec (St. François and Chaudière) would see a stable (yellow) ice jam flood
risk under different climate scenarios. Finally, four rivers located in colder areas could experience a
rise (red) in ice-jam-flood annual average damage (AAD) as winter and spring temperatures rise.
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5. Discussion

5.1. Meaning of the Results

Results indicate that the Châteauguay River watershed could see less than 400 cumulated
degree-days of freezing (CDDF) during future (2042–2070) winters, a reality that currently prevails
south of the border in the Northeastern US, in Southern Ontario as well as in some areas of the
Atlantic Provinces, where most ice jams tend to occur during the months of January and February.
Not only does this compare with the distributed probability results presented in Figure 4B, but it also
suggests that any area where future winters will bring less than 400 CDDF could also see a significant
attenuation in the risk of ice-jam floods. That being said, the probability of damageable ice jams will
remain, but the current interest in forecasting anomalous winter rain events that trigger a dynamic
breakup should shift towards an interest to forecast anomalous cold spells that would produce enough
ice for a possible, subsequent dynamic breakup to occur.

The St. François and Chaudière Rivers could see a stable risk of ice jam floods in the future, but,
this will be the result of two opposing factors: the number of winter runoff events (and therefore
breakup events) will increase, but so will the ratio of thermal vs. dynamic breakup events. One question
will remain, and the current methodology cannot easily answer this: Will future ice jams, formed by
multiple partial breakup events, be simply longer (affect more areas), or also thicker (generate more
significant flooding at specific locations)? Monitoring river ice conditions during winters characterized
by a single (representative of past climate) or by multiple (representative of future climate) dynamic
breakup events may offer a first answer.

Finally, the L’Assomption, Matapédia, Matane and Mistassini Rivers would see a rise in the risk
of ice jam floods (Figure 7) associated with more frequent rain-on-snow events generating breakup
events in the presence of an ice cover that would remain thick enough to offer substantial resistance.
Within this group, the L’Assomption River would behave differently from the others (Figure 6): a mild
rise in air temperatures (about 3.0 ◦C) would generate a significant rise in ice-jam-flood AAD, but if (or
as) temperatures rise further, a decline in AAD would eventually be observed. This behavior is also
visible on the Matapédia River results, but only for (or after a) more intense warming (5 ◦C). These
results support the statement that extrapolating historical ice-jam flood trends into the future could
result in inaccurate projections [4], at least in areas where a transition to winters with less than 400
CDDF is foreseen. Interestingly, a similar trend was hypothesized by other researchers [43] to describe
how ice-jam floods may evolve in the future on the Saint John River at Perth-Andover, New-Brunswick
(NB), a province located just south of the Matapédia River (Figure 7).

This interpretation illustrates that the results presented in Figure 6 would not only represent
different possible scenarios for a fixed future period (2042–2070), they could also represent the
temporal evolution of the ice-jam flood risk for those rivers, as future air temperatures continue to
rise, with associated changes in precipitation and other weather parameters. Clearly, the province
of Quebec could learn from what is currently happening in warmer areas and the second approach
described in the background section of this paper should be explored in future studies.

5.2. Relative Success of the Methodology

This study demonstrates that it is possible to obtain an estimated trend of the probability of future
ice-jam floods without the need to work with measured or simulated water levels, or physical ice
jams parameters. It further shows that an estimate of the financial risk associated with historical and
future dynamic breakup events can be obtained without the need to establish community-specific
stage-damage curves. Undoubtedly, at a community scale, more physically-based approaches that
depend on measured water levels, building elevations and building values, if relying on reasonable
assumptions, may not only help to determine the future risk of ice-jam floods, but they can also support
the development of climate change-adapted flood hazard maps, e.g., [29] and flood-risk maps.



Water 2020, 12, 2891 14 of 19

The case-by-case analysis of thousands of winter and spring, historical and future runoff events
using river-specific empirical breakup intensity models for different watersheds across the province
of Quebec has produced logical outcomes that should be taken seriously by stakeholders, at least to
develop a long-term flood mitigation plan where a rising risk of ice jam flooding is foreseen. Not only do
the results compare with what was originally hypothesized (as expressed in the introduction), but they
are also consistent for an increasing climate warming: Figure 6 shows no case where a decline in the
frequency or risk would be followed by a rise, nor does it show significant scatter (despite relying on the
average of only three climate scenarios per intensity category). The strength of the approach presented
by the authors mostly rests on the intimate knowledge of each river, on a profound understanding of
river ice processes, on the careful analysis of hydrometeorological conditions leading to runoff events
(17,955 measured and simulated events) and flood damages (100 events recorded in the MSP database)
as well as on the reliability and simplicity of each river’s tailor-made empirical breakup intensity model.
Some of those models are probably more conservative than others, but the methodology explains how
the impact of a conservative model on the estimation of the current and future ice jam flood risk was
attenuated using river-specific Government flood damage reimbursement data.

5.3. Transferability of the Results

To the knowledge of the authors, this study is the first of its kind: 1. to quantify the probability
and risk of historical and future ice-jam flooding in North America and 2. to use empirical dynamic
breakup models to obtain this type of result. Although the climate and geography of the province of
Quebec are relatively spatially consistent and that several regions have been included in the study,
it appears somewhat premature to extrapolate or interpolate the results to other watersheds, even to
neighboring rivers of comparable characteristics. The authors need to stress that the spatial and
temporal breakup regime of each watershed is unique and cannot be simply transferred east, west,
south or north. Other parameters—such as watershed gradient, shape and orientation, as well as
channel morphology sequences (including the presence of rapids and lakes or small reservoirs)—can
play a dominant role in river ice processes and therefore substantially influence future river ice breakup
scenarios. The authors believe that regional tendencies could be confirmed if additional rivers, spread
across different areas of the Province, were included in a similar study.

If this approach was used elsewhere or if it was applied to other rivers in Quebec in order to
open the door to the development of long-term regional flood mitigation strategies, the authors would
recommend that a special attention should be given to a number of factors that are presented below.

5.3.1. Hydrology

Calibrating and adapting hydrological models specifically for winter conditions would represent
the most important step to confirm the reliability of the approach. Indeed, the shape and amplitude of
historical runoff event simulations differed from hydrological measurements (Government-approved
estimated discharges) for five rivers out of the seven included in the study. It is now clear that
reproducing a data set from a statistical point of view does not mean that runoff events are accurately
simulated. An examination of previous research discussions [30,44] suggests that hydrological models
specifically calibrated for the breakup period would represent at step forward for future climate
change-related work on river-ice breakup [29]. For example, the release of water stored in the form
of ice and hydraulic backwater under the ice cover should be taken into account. These models
should also consider watershed-specific spatial breakup patterns, and a sub-daily time step should be
adopted (which would enable researchers to stop relying on a station-specific, average peak flow factor).
Moreover, agencies could improve winter flow measurements and discharge estimation programs,
especially during the breakup period [45], and therefore allow for a more accurate calibration of both
hydrological and ice models.
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Beyond making the results of similar studies more representative of future conditions, another
benefit of these improvements would be to provide more reliable breakup timing and ice jam flooding
forecasts for emergency management purposes.

5.3.2. Weather

In the spring, in addition to air temperature, other factors such as recent snow, cloud coverage,
and wind conditions play a major role in the weakening of some ice covers, e.g., [4]. Eventually, a more
sophisticated ice-cover resistance indicator could be adopted. Moreover, for larger basins or where
the north-south temperature gradient is important, it would be of interest to include the data from
multiple meteorological stations for the calibration of an empirical river-ice breakup model in order to
better represent spatial breakup patterns.

In some regions of Canada, a thin snowpack may promote thermal breakup events. However,
in most regions of Quebec, the amount of snow on the ground is rarely a limiting factor to the occurrence
of large ice jams and most ice-jam floods are caused, at least in part, by rain storms that affect large
areas, or entire watersheds. Even if future snowpack conditions would promote thermal breakup
scenarios, it is assumed that hydrological models would manage to simulate reduced snowmelt runoff

rates accurately.

5.3.3. Ice Processes

Each empirical model was calibrated using confirmed historical ice jams that would or would not
have caused flooding. The different thresholds are, of course, a simplification of reality [7] and other
threshold types and shapes could be explored, e.g., [46].

To the authors’ experience, the threshold for the first sustained ice movement in rapids (and
there are rapids in all the studied rivers) is relatively independent of freeze-up discharge or snow
conditions. This is explained by the fact that breakup begins in steep reaches when the suspended
ice cover [47] lying on emerging rocks and banks begins to float, and is therefore expressed by a
breakup onset threshold that is independent of CDDF on breakup models (Figure 2). In turn, freeze-up
conditions, in terms of discharge, e.g., [48] or snowfall, e.g., [49], in low-gradient river reaches have an
impact on the initial ice-cover resistance and therefore on the potential intensity of subsequent breakup
ice-jam events. This would mean that breakup intensity thresholds would need to vary depending on
hydrometeorological conditions at freeze-up, which is not trivial to include in an empirical ice model
expressed in 2D environment. More sophisticated ice-cover thickening—e.g., [50] and weakening,
e.g., [51]—equations could also be used, but this would also make the empirical approach more
laborious to apply.

The authors assumed that the simplicity of each model combined with their calibration using
several confirmed historical events would include a diversity of possible ice-jam flooding scenarios.
Indeed, the authors’ perception is that ice processes are more predictable at a macro-scale (several
tens of river kilometers) using simple empirical models than at a micro-scale using deterministic
hydrodynamic models. Although increased computation power facilitates numerical Newtonian
river-ice-jam simulations, ice observations and knowledge development remain the most important
aspect of river-ice research.

5.3.4. Morphology

A more meticulous analysis about river breakup spatial patterns for each watershed should
confirm the direct or indirect role of channel morphology in explaining the location and intensity
of future ice jams. As a first constructive step, there was a recent attempt to link specific channel
geometry indicators (that are interestingly climate change resilient) to the likelihood of ice-jam floods
along different rivers of Quebec [52]. Ice jams may also form against defined ice obstacles that are
indirectly dependent or partially related to the channel configuration such as freeze-up consolidations
and hanging dams [53] or previous mid-winter ice jams [43].
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As mentioned in the methodology section, the approach assumes that the channel characteristics
of each river would remain constant in a future climate, and therefore that ice cover mobilization
and major ice jam thresholds would remain essentially unchanged. However, the combination of
altered hydrological and ice regimes in a warmer climate would probably impact sediment transport
and channel stability, e.g., [54], therefore impacting breakup processes. It was already mentioned
that climate change could alter site-specific empiricism [11]. Given this limitation, a parametric
analysis could be added to reveal if a model provides results that are morphologically sensitive or
morphologically robust.

5.3.5. Watershed Evolution

Several factors such as land use changes, forest fires, channels stabilization interventions and
hydraulic structures development can affect water levels along a river. Moreover, different types of
ice-adapted flood mitigation techniques, e.g., [9,10,55], can reduce the probability or the exposure
to floods. This would mean that river ice breakup models would need to be recalibrated to take
those changes into account, but most importantly, the results of this type of study should convince
stakeholders to take action now in order to reduce future flood risks.

6. Summary

This study has investigated the impact of climate change on the frequency of dynamic breakup
events and on the financial risk of ice jam floods for seven rivers located in Quebec, Canada.
The methodology involved calibrating river-specific dynamic breakup models using confirmed ice-jam
events as well as other relevant ice observations such as ice-cover mobilization thresholds. Results show
that the frequency and the risk of ice-jam floods will evolve differently throughout the Province during
the period 2042–2070 compared with the reference period of 1972–2000. Generally, the risk, expressed
in terms of average annual damage for multiple communities located along each river, will increase by
an average of 30% in the future, mostly because of increasingly frequent mid-winter dynamic breakup
events during winters that will remain cold enough to produce a thick ice cover. It is of interest to
compare those results with the current breakup regime of rivers located in the Northeastern United
States, Southern Ontario, and Atlantic Provinces. Future dynamic breakup conditions in Quebec may
correspond to what already prevails in these regions.

Several recommendations have been suggested to improve the research methodology. The main
recommendation is to validate the performance of hydrological models for runoff events taking
place during winter and at spring breakup. It has also been stressed that the increased research and
development effort in numerical Newtonian and statistical ice-jam simulations should be matched
by an equal effort in field work to develop experience and judgement about breakup process at
specific sites or along specific rivers. The results provided in this study are consistent with what was
initially expected, and they can already prompt actions for long-term planning in response to future
ice jam floods.
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