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In cold regions, it is not uncommon for significant ice jams to cause the highest
water level of the year. In a changing climate, weather parameters that directly and
indirectly influence ice and hydrological processes are being altered, therefore
affecting the frequency and intensity of dynamic ice processes that cause high water
levels. This paper investigates the trends in peak water levels based on their origin
(either freeze-up ice jams, breakup ice jams or open water) for nine Centre
d’expertise hydrique du Québec (CEHQ) stations during the past 50 years (1970-
2020). Also trends in ice induced flooding frequencies and magnitudes are
presented based on provincial flooding database. Several additional information
such as the satellite images as well as climatic data were used to analyze river ice
formation and breakup effects on the stream stage signals and flood intensities. The
expansion of this analysis to cover more stations and streams could deepen our
understanding of the variation in temporal and spatial trends within the province of
Quebec. This research is part of a national effort to better understand the impact of
climate change on many aspects of river ice sciences and engineering.



1. Introduction

The presence of ice in cold region rivers alters hydraulics conditions and oftentimes causes the
highest annual water level. During freeze-up, a significant drop in air temperature can cause ice
formation on most of the river surface overnight. As the ice front progresses upstream, the water
level can rise rapidly (stages-up) due to a sudden increase in friction as well as ice occupying a
portion of the channel section. Dynamic accumulation of incoming ice can take the form of a
freeze-up jam. In shallower streams, the ice cover can grow thermally quickly and can even block
most of the river flow, causing significant rises in upstream stage (Ashton, 1998). At breakup, the
mobilization of the ice cover can be very dynamic (i.e., mechanical), with broken pieces of ice
cover jamming together, causing fast rising and high water levels. Breakup can also be thermal
with the ice cover melting in place with no apparent effect on water levels (Turcotte, et al., 2020).
The breakup scenario depends on the complex interaction between the river’s morphological setup,
the ice cover, and the environmental conditions. This complexity is further amplified by the effect
of climate change which in turns directly and indirectly affects hydrological processes within the
river watershed (Seneviratne, et al., 2012). These changes could already be affecting the intensity,
as well as the frequency of maximum ice-induced water levels in northern rivers.

Climate trends and variations from the baseline average of 1960-1991 published by Environment
and Climate Change Canada (2021) showed that the western part of Quebec experienced a rise in
air temperatures between 2°C and 4°C during winter as well as slightly warmer falls and slightly
colder springs. Areas located more to the east and north of the province seem to be less affected
by temperature changes. In terms of precipitation, southern regions of the province experienced a
slight decline in precipitation as opposed to a slight increase for the north. Increase in precipitations
together with warmer air temperatures could be an enhancer of flood occurrence (Kundzewicz, et
al., 2007). As climate warms, river ice breakup generally tends to happen earlier and freeze-up
occurs later, resulting in much shorter ice cover season duration (Magnuson, et al., 2000). Another
important observation made in arctic regions is that dynamic breakup processes are slowly giving
way to more thermal breakups (Cooley & Pavelsky, 2016). Based on this observation, ice jam
frequency and intensity should be declining as ice cover duration is decreasing, which in turn
would result in fewer recorded ice jam flooding events over time. However, the impacts of climate
change on ice processes are various and Turcotte et al. (2019) expects freeze-up consolidation
events to become more frequent, therefore raising the frequency and severity of major ice jam
floods. The main objective of this study is to investigate the effect of climate change on maximum
ice-induced water level trends for freeze-up and breakup seasons in the Province of Quebec. This
is achieved using historical data from nine hydrometric stations and nearby weather stations to
determine the maximum water level corresponding to each type of event; namely breakup ice jams,
open water floods and freeze-up congestion or jamming. The second objective is to see if there are
correlations between trends in peak intensity and the frequency of significant flooding events. This
is all part of a national effort to better understand the impacts of climate change on various aspects
of river ice sciences and engineering.



2. Methodology

2.1 _Study sites and historical data

Nine rivers in Quebec were selected for this study, their location is shown in Figure 1. Several
criteria were used for this selection. Ideally, for statistical significance, selected hydrometric
stations would have water levels as well as discharge data for several decades. Hydrometric
stations in Quebec are managed by the Centre d'expertise hydrique du Québec (CEHQ) under the

Ministere de I’Environnement et de la Lutte contre les changements climatiques (MELCC) and for
most of the stations, the CEHQ provides instantaneous discharge and water levels from 1997
onwards, as well as daily water levels from 1992 onwards (MELCC, 2020A). Therefore, between
1992 and 1997, the water levels used are estimated from the daily measures, and from 1998 to
2020 they are 15-minute interval data. Another selection criterion was for the hydrometric station
to be as close as possible to a weather station. Since the goal of the study was to find trends in
maximum ice-induced water levels, stations with dynamic ice processes were prioritized over
rivers with more thermal river ice regimes. Also, stations where ice processes are affected by ice
control infrastructure such as hydroelectric dams were eliminated from the selection. Finally,
stations covering different parts of the province were selected. Key characteristics of the nine
hydrometric stations are presented in Table 1 with their corresponding weather stations. Note that
the data interval used for discharge is always daily because of the lack of available discharge from
CEHQ’ data during the winter.
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Figure 1. Locations of the nine rivers, their watershed and corresponding station.



Table 1. Studied rivers and corresponding information.
River name: CEHQ Meteo. Record | Watershed area  Average

station ID# station length | at hydrometric yearly
ID# (years) station discharge

(km?) (m’/s)
Bécancour: 024003 7024250 29 914 22
Chaudicre: 023402 7027840 49 5820 117
Dartmouth: 020602 | 7052601 29 626 15
Du Loup: 052805 7016816 29 769 13
Eaton: 030234 7028123 29 646 13
Etchemin: 023303 7024254 29 1152 27
Famine: 023422 7027283 29 696 15
Ouelle: 022704 7054096 29 796 15
Au Saumon: 030282 | 7024320 29 769 18

2.2. Databases

Flooding information from two provincial flooding databases were also used to investigate trends
in flooding frequency that corresponds to each type of flooding event (freeze-up, breakup and open
water). The first database is developed and maintained by the Ministere de la Sécurité Publique
du Québec (MSP) and contains flooding information from the year 1991 and forward (the free
public database can be found at: https://www.donneesquebec.ca/recherche/dataset/historique-
publique-d-embacles-repertories-au-msp). The MSP database includes: the river name as well as
the flooded municipality, the date of the event, the cause of the flood as well as the severity of the
event. The second database is managed by the Ministere du Transport du Québec (MTQ) and goes
back to flooding events recorded in the nineteenth century. However, the data in the MTQ database
comes from newspaper articles and municipal reports, which can be difficult to quantify. The
number of events recorded in the MTQ database after 1990 is also very scarce. Therefore, for the
current study, the MTQ database was used for the period before 1990, and the MSP database was
used from 1990 onward. Table 2 presents the number of flooding events recorded at or near each
of the nine study sites as recorded by both the MSP and the MTQ databases. As shown in Table 2,
there were no significant number of flooding events on the Dartmouth and Famine rivers, and
therefore, they were excluded from the frequency analysis.




Table 2. Summary of the flood records in the databases from the MSP and MTQ.

River name: station ID# Number of recorded events Period of record
Bécancour: 024003 61 1876-2020
Chaudieére: 023402 105 1850-2020
Dartmouth: 020602 2 2015-2020%*

Eaton: 030234 16 1924-2020
Etchemin: 023303 24 1866-2020
Famine: 023422 0 -
Du Loup: 052805 9 1924-2020
Ouelle: 022704 10 1927-2020
Au Saumon: 023422 12 2008-2020*

*Only recorded events are in this period, but reliable hydrological information since 1992.
3.  Data analysis

The biggest part of the analytical effort is done through water levels, but discharge and weather
conditions are also useful in understanding processes in each river as well as to help distinguish
ice-induced from open-water events. Water level data retrieved from the CEHQ archives were
plotted for each station and for each year of record together with their corresponding air
temperature and precipitation data from Environment Canada archives. Also using the mean daily
air temperatures near each station, the cumulative degree-days of thaw (CDDT) and the cumulative
degree-days of freezing (CDDF) were calculated for breakup and freeze-up seasons, respectively.
An example of these plots is shown in Figure 2 for the Bécancour station (024003) for the year
1998. Several stations have gap in the water level measurements that can range from 2 to 72 hours
for instantaneous data to several days, or weeks, for daily data. This is illustrated in water level
data in Figure 2a towards the end of May. The reasons for these gaps vary but are mostly due to
filtering of extreme values by provincial operators or due to device malfunction. Since the analysis
used raw data files (uncorrected water levels), the latter is the only one of concern. Considering
that ice jams can form in less than an hour and can raise the water levels up by several meters,
instantaneous data was used for water level analyses from 1997 and afterwards. Prior to 1997, no
instantaneous data was available for CEHQ’s stations. A peak factor correlating instantaneous
levels to daily levels was calculated for each station using the period when both data types are
available (i.e., 1997 to 2020). This factor was used to roughly estimate peak water levels for the
data series prior to 1997 (see Table 2). For some stations, when the coefficient of determination
was too low, the difference between the overall average of the water levels from both data sets for
the river was instead used as a correction.
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Figure 2. Data plots for a) water level and b) meteorological data used to determine the peaks of
1998 for station 024003.

The open water peak is the easiest annual event to identify since its hydrograph usually shows a
gradual rising and falling limbs. However, breakup and freeze-up peaks are often harder to identify
on a daily hydrograph. They can require significant interpretation of discharge data (when
available), and the CDDT and the CDDF for breakup and freeze-up, respectively. Breakup peaks
due to jamming are usually characterized by a sudden rise and a sudden drop in water levels once
the jam has released. It is usually hard to see in a daily-average chart, especially for small rivers,
and require instantaneous levels to verify. Freeze-up peaks have a similar chaotic pattern, but their
recession is usually more gradual while the ice cover is smoothing, stabilizing, and eventually
thickening. A conceptual example of instantaneous water level hydrographs for each type of event
is shown in Figure 3.

Precipitation (mm)
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Figure 3. Water level hydrograph for a) breakup peak on the Chaudiére in 2020, b) open water
event on the Chaudiére in 2016, and c) freeze-up peak on Eaton River in 2007.

In Figure 3a, several dynamic breakup processes occurred on the 3™ and 4™, with the last one,
probably an ice-jam release event, showing the highest peak. In Figure 3b, the hydrograph is
smooth as it is typical for open water events. As the discharge gets higher, the water level rises
following the local rating curve. Figure 3c presents a freeze-up event. There is an initial sharp rise

in the water level, probably the initial obstruction of the stream, followed by 40 hours of more or
less constant rising water level.

The amount of precipitation in the days preceding an identified peak is also an important parameter
to distinguish the type of maximum water level event. An example of that is a peak occurring
during a mid-winter breakup event that would have been initiated by a rain on snow event. These
mid-winter events usually affect subsequent ice processes significantly in the spring (Beltaos,
2002). Due to the complexity of the processes involved, multiple studies could yield different



interpretations of these peaks. It is important to note that the local knowledge of the characteristics
of studied rivers is also important since these processes are chaotic and can even differ significantly
between locations along the same river.

A similar river ice processes classification was done as part of the Canadian River Ice Database
or CRID (de Rham, et al., 2020) up to the year 2015. Only three rivers (Chaudi¢re, Dartmouth,
and Du Loup rivers) from the current study were included in the CRID database. The dates of
breakup from the CRID database were found to be consistent (= 1 days) with the dates estimated
from the current analysis in most cases. For freeze-up and mid-winter breakups, more events were
identified in the CRID database, but the dates were generally fairly consistent ( 2 days).

4. Results and discussion

4.1 Trends in intensity of peak annual ice-induced events

Three different peaks were identified for each year and for all stations, and automated interpolated
trends were drawn. Table 3 presents the estimated trends in terms of m/decade for all river and for
the three types of events. Positive values mean a rising trend in water levels and negative values
mean a decreasing trend in tater levels. There is no universal trend in any of the water level (stage)
peak types. As shown in Table 3, there are more rising trends than decreasing trends, but it varies
significantly between rivers and event type. Five out of nine rivers present a rising open water peak
intensity, and generally higher slopes, which results in a trend that is significantly more important
than for ice events. Also, two third of the studied rivers present uptrends for freeze-up high water
events. Finally, for breakup events, the data is conflicting, there are some significant trends both
upwards and downwards.
Table 3. Studied rivers and their corresponding trends.

Breakup Open water Freezup

River name (m/decade) (m/decade) (m/decade)

Bécancour 0.043 -0.025 0.042
Chaudiére -0.150 0.095 -0.041
Dartmouth 0.253 -0.011 0.171
Eaton -0.071 0.098 0.024
Etchemin -0.099 0.123 0.037
Famine 0.024 0.186 -0.051
Du Loup 0.156 0.205 0.017
Au Saumon -0.106 -0.083 -0.056
Ouelle -0.039 -0.078 0.116

It is important to note that some streams present a much higher stage variability, making the effect
of historical extreme events less dominant on their trends than for streams with small intra-year
water stage change. For example, the Chaudicre sees rises of as much as three meters to its water
level, but the peaks on the Bécancour are usually within one meter of the open water levels. The
impact of a single extreme peak event is therefore stronger on the latter.
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Freeze-up trends seem to represent the most robust results found in this study: peak intensity is
generally going up. It has both the highest number of studied rivers with a rising trend and the
smallest variance of the three types of events.

Out of the nine rivers, only the Du Loup river sees a rising in the intensity of all event types, and
only the Au Saumon River sees declining peak intensities for all processes. Both rivers are situated
in regions of the province with similar climate change trends (Environment and Climate Change
Canada, 2021) and therefore with comparable variations in meteorological conditions, yet their
results are opposite. Breakup and freeze-up peaks are following same trends for six out of nine
rivers, and the Bécancour River has approximately the same rising trend for both ice-induced
events: 0.043 for breakup and 0.042 for freeze-up.

The Famine River is an affluent of the Chaudiére River, yet there are important differences
between their trends. Figure 4 shows the trend graph for the Famine River and Figure 5 for the
Chaudiere River. Freeze-up variations are similar, but breakup intensity in the Chaudiére is shifting
-0.15 m per decade while the Famine is rising by 0.024 m per decade.
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Figure 4. Evolution of the peak water level for the Famine River between 1993 and 2020 for the
three type of peak events.
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The station on the Chaudiére River is almost 75 km downstream of the mouth of the Famine River
and its discharge is affected by several tributaries’ inflows, while the Famine is a smaller gravel
bed stream with a relatively high slope. Breakup events on the Famine are always happening at a
relatively low discharge (under 100 m*/s) and are therefore more predictable. In turns, water level
and discharge values corresponding to breakup peaks are historically very scattered for the
Chaudiére, making it more likely to generate extremes with climate change (and, given the high
risk of flooding [Turcotte et al., 2020], also more likely to see ice control infrastructure to be built).
Development in the floodplain of the Chaudiere River, as well as modifications to its bed, has
taken place over the studied period, which may induce an anthropogenic effect to the results.
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Figure 5. Evolution of the peak water level for the Chaudiere River between 1973 and 2020 for
ice-induced peak events.

Instantaneous stream stage and discharge values for the years prior to 1997 can be highly uncertain
based on the correlation between daily-average and instantaneous data for each studied river and
event types. The coefficient of determination of this correlation varies between 99.4% for the open
water events of the Du Loup River to 27% for the breakup events of the Ouelle River. These
coefficient as well as the equation to determine the peak correction for every type of event at every
station are presented in Table 4. The correlation is generally strong for open water as well as freeze-
up events. However, breakup events can be very intense and the R? values at different stations
suggest that estimating instantaneous water levels from daily data for this type of event can lead
to significant misestimation. This shows that for certain stations, using a single correlation lumping
together all three types of events can lead to higher levels of uncertainties, at least for smaller
streams.

Table 4. Correlation between instantaneous and daily water levels.

River name Breakup Open water Freeze-up
R? Correction R? Correction R? Correction
Bécancour 0,92 0,85 Hpm+4,71 | 0,99 1,05 Hpm -1,44 | 0,88 1,08 Hpm -2,31
Chaudicre 0,76 1,39 Hpm-8,21 | 0,97 1,02 Hpm-0,51 | 0,72 1,17 Hpm-3,61
Dartmouth 0,88 0,96 Hpm+1,42 | 0,90 1,08 Hpm-2,45 | 0,99 1,15 Hpm-4,26
Eaton 0,50 1,205%* 0,77 1,19 Hpm+4,85 | 0,77 1,19 Hpm+4,85
Etchemin 0,79 1,17 Hpm-7,81 | 0,57 0,222%* 0,97 0,92 Hpm+3,94
Famine 0,43 0,372%* 0,87 1,31 Hpm-8,60 | 0,88 1,12 Hpm-3,34
Du Loup 0,95 1,02 Hpm-0,32 | 0,99 1,01 Hpm-0,37 | 0,85 0,93 Hpm+2,18
Ouelle 0,27 0,465%* 0,94 1,19 Hpm-9,29 | 0,97 1,06 Hpm-3,10
Au Saumon 0,36 0,419%* 0,94 1,16 Hpm-4,60 | 0,93 1,14 Hpm-4,04

**The correlation is considered too low and a static average value is used

Example graphs of this correlation are shown in Figure 6. Estimations of instantaneous values
prior to 1997 are back calculated based on these relationships, and this could impact the trend
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Figure 6. Correlation between instantaneous and daily data for a) freeze-up and b) breakup on the

Bécancour River; and c) freeze-up and d) breakup on the Chaudiére River.

These wide variations also reveal how flooding processes in some rivers are inherently controlled
by mechanical ice processes and their effect on the speed at which the stream stage can change.
The impact of breakup processes on the Du Loup River water levels are very limited in terms of
time and amplitude variations, meaning that river ice is evacuated very thermally. Overall, ice
processes seem to generally have minimal effects on the Du Loup River water levels, with an ice-
induced backwater reaching 30 cm at most. Being a very flat river flowing to the South, it is not
surprising that processes are very thermal. On the other hand, ice-induced peaks on the Au Saumon
River are generally well-above the open water rating curve and the water level rises quickly and
significantly when ice jams occur.

The study found that most ice-induced peaks do not seem to be declining over time. Climate trends
and variations, through shorter ice seasons and thinner ice covers, support such a decline, also



reported for studies in arctic regions (Cohen, Ye, & Jones, 2015). This may in part be due to the
rising number of rain-on-snow events occurring in the studied watersheds as well as to multiple
other effects likely canceling each other, partially or completely. For freeze-up related events, the
rising frequency of significant late rain events quickly followed by freezing temperatures seems to
be a plausible explanation for the rise (Cunderlik & Ouarda, 2009). Finally, the rise in open water
peaks is in part explained by the higher precipitation variability observed in the last decades,
leading to higher peaks and lower minimums (Kundzewicz, et al., 2007).

Rain-on-snow events generally represent the main cause of significant mid-winter breakup events
and seem to shift the open water peaks to later in summer or autumn instead of mid-spring. There
is usually less river ice coverage and snowpack at springtime, therefore supporting fewer dynamic
breakup events. The roughness of the ice cover is also heavily modified by those mid-winter
events. However, in some cases, a new river ice formation cycle follows and creates consolidated
ice with stronger mechanical properties and even more significant ice jams in spring. Turcotte et
al. (2019) concludes that fewer ice jam floods should occur, but the frequency and intensity of
major ice jam floods should rise. Those two opposing theories could very well partially cancel
each other out, or work for different streams. Beyond their importance in the annual river ice cycle,
these mid-winter breakup events seem to be more common in recent years, but not necessarily
more intense (Cohen, Ye, & Jones, 2015).

In the literature, research on the impact of climate change on ice-induced events have also found
contradicting results. Many similar studies from northern regions of the world have a similar
conclusion: there is no widespread common trends in the intensity of floods and in the frequency
at which they occur (Rokaya, et al., 2008), (Cunderlik & Ouarda, 2009), (Villarini, et al., 2009).
A study from 139 stations in Russia has found that spring peak discharge tends to be happening
earlier than a few decades ago but cannot find any reliable trends in terms of intensity
(Shiklomanov, et al., 2007). A similar study from 136 Water Survey of Canada stations finds peaks
to be declining, breakups to happen sooner and freeze-up to happen later (Von de Wall, et al.,
2010). The study is one of the few that finds almost widespread evidence of a decline. However,
data from this study is mostly from the Prairies and the northeastern region of British Columbia
where the effects of climate change are different than in southern Quebec. A study done on seven
rivers in the province of Quebec found that ice jam floods could occur more often in a number of
rivers in Quebec after 2040, mostly because of a shift from a single spring breakup event to several
mid-winter breakup events (Turcotte, et al., 2020). All the reviewed literature and the current
results show that the effects of climate change on maximum ice-induced water levels vary widely
regionally, even between neighboring watersheds. Not only is the interaction between the climate
system, morphological characteristics, and ice processes very complex, but human engineering
factors also induce changes that are hard to take into account or to predict.

Most studies on the impact of climate change on ice processes have focused on large rivers; the
current study is one of the few to mostly include smaller streams. This may explain the significant



trends obtained from rivers of the same region. However, large scale studies on smaller streams
are challenging because of the lack of automated measuring stations, the short records, and the
acquisition time that may not allow “catching” the peaks, especially for streams where breakup
conditions can shift significantly in a couple of minutes.

4.2 Frequency of ice-related events

Two provincial ice-related flood databases are used to try correlating trends in peak water levels
with frequency of recorded flooding events. The information in the MTQ database comes from
newspapers and municipal sources and is very scarce for most rivers. However, it provides a good
overview of the most significant floods for these rivers, as well as the date they occurred. Data
from the MSP database is more coherent, it includes information for all communities of Quebec,
and comprises events of different intensities, but it is only going back to 1990, and may excludes
some events. There is also a third database prepared by Mayer-Jouanjean and Bleau (2018), which
provides an analysis of the total number of floods, not just ice-induced events. The review of
provincial meteorological archives and municipal flood damage reports is extremely thorough for
every major river of southern Quebec (South side of St. Lawrence River between Montreal and
Lévis).

A high frequency of ice-induced peak flooding events was reported for the Chaudiére River from
the 1880s to 1910s (Figure 7), followed by a downwards trend, another peak in the 1950s and a
third peak in the last 30 years where many extreme events were reported and documented. Results
for the Bécancour are similar although much less frequent, as there is a first peak in the late 19
century, then another one in the mid-20" century and a significant higher flood frequency at the
beginning of the 21 century (Figure 7). There has been, without a doubt, several major ice-induced
flooding events in the last decade in Quebec. However, the higher rate of reported events in the
last 30 years could be due to the additional public interest and media coverage as well as increased
flood exposure in recent years. In turn, minor ice jam flood events, as reported by the MSP database
after 1990, would most likely have not made the news prior to 1990, and were therefore excluded
from Figure 7. The Etchemin River, another direct neighbor of the Chaudi¢re River (Figure 1),
was affected by ice-induced flood events 3 times during the 1890s and of 5 times in the 1990s, but
there have constantly been only 1 or 2 significant events for the other decades. The assessment of
changes has a high level of uncertainty considering that the data comes from several different
databases, with different methodologies and errors as well as the difficulty to verify some of the
information.
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Figure 7. Average number of ice-induced flooding events per year presented by decade for the
Chaudiére and Bécancour Rivers.

The Chaudiere River is by far the one with the most accurate data as it can be validated by more
than one database. Also the data from the CEHQ water level database goes back earlier than other
studied rivers. In the Mayer-Jouanjean & Bleau (2018) database, the more important ice jam flood
peak seems to occur in the 1970s, but there is also a high density of flooding events reported during
the second half of the 1930s, in 1990s and in the 2010s, which is also the case in the current study.

The study of the severity of the different ice-related flooding events, available in the MSP’s
database, also brings interesting results for the Bécancour (Figure 8) and Chaudi¢re (Figure 9)
Rivers. For Bécancour River, the second half of the 2010s has seen a lot more events taking place,
but with generally lower intensity. This is in contradiction with the results presented in Table 3,
where ice-induced peaks seem to be rising over the period.
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Figure 8. Intensity of the different ice-related flooding events in the Bécancour River for the
1995-2020 period.

For the Chaudiére River, the frequency of ice-induced flooding events (Table 2) is only slightly
higher over the period, but the rise in event intensity is evident in Figure 9. It is of interest to note
that there seems to have be no reported ice jam flood events between 1996 and 2005 in the
Chaudiére basin, which is historically improbable, but verified by archival work from Grenier
(2005). These results also seem to be in direct contradiction with ice-induced peak event trends
shown in Table 3.
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Figure 9. Intensity of different ice-related flooding events in the Chaudiere River for the 1991-
2020 period.

The severity factor in the MSP database is subjective and can depend on damage to infrastructure
around the river during the period as well as the interpretation of the different criteria by the
observer. The previous section should therefore not be used to evaluate the intensity of ice-induced
events by comparing it to quantified, accurate water level peaks. Moreover, recorded events from
that database includes different municipalities along the same rivers whereas the station is
measuring water levels that are only representative of hydrological processes at one location, at
least for ice-induced water levels. Therefore, only flood events reported near the station should be
compared with measured water levels.

Results from different flood event databases suggest a rising trend in the frequency of ice-related
high water events in the last decades, in line with results of peak water levels presented in Table
2. However, it is possible that different factors are inducing a bias in the database approach. More
studies should be done on the subject to verify the results, possibly through modelling. For
example, Turcotte et al. (2020) used a breakup intensity forecast model to simulate future trends
in river ice breakup intensity for seven rivers in Quebec.

The number of recorded events in the past for several other studied rivers (Dartmouth, Famine, Du
Loup and Au Saumon) is limited in time or in number, and no conclusions regarding historical
trends can be made about them so far. However, if trends form in the coming decades, they could
probably be linked to climate change as those rivers only had a handful of flooding events in
recorded history. Therefore, more studies should be done in the future to track the evolution and
note significant changes.



The flooding events from the different databases has been used to cross-validate the high water
levels for the stations. However, the results are somewhat insubstantial. To make sure the data is
reliable, the event needs to occur close to the studied station. The current study also considers only
the annual peak for each type and does not take in consideration years with multiple peaks. This
is a significant limitation in many stations as the number of floods occurring at or near the station
can be very low, and many of them are secondary peaks in the same year. The exercise is to be
done more thoroughly in a future study for operational prediction of ice-jam floods on major
streams in Quebec.

5. Conclusion

The objective of this study was to illustrate trends in ice-induced peak water levels. The results did
not show evident correlation that could be confidently associated with climate change. As altered
climate patterns modify various thermal, hydrological, and even morphological processes, they
obviously affect ice-induced water levels in many ways. However, some of these modifications
directly cancel each other, resulting in low-correlation or opposing trends for breakup and freeze-
up events. Human engineering may also significantly modify the behavior of a river over time,
either by directly regulating flow or hydraulic conditions, or through the indirect effects of
urbanization and agriculture on stream parameters, therefore further complicating the
quantification of the effects of climate change on ice-induced floods.

The time series length available for studied stations was somewhat limiting the efficiency of the
adopted historical trend analysis technique, which is prone to interpretation and therefore less
systematic. As the number of rivers studied in any given region is low, it is often impossible to
confirm a spatial trend. Moreover, trends seem to be extremely variable in a single region, even
for neighboring watersheds, as it has been foreseen by Turcotte et al. (2020).

Several studies pointed to a prevalence of downward trends for breakup events, but as presumed
by Turcotte et al. (2019) many different stations have seen rising intensity in their water level
peaks over the years. Upward trends in freeze-up peaks have been observed, partially because of
the increasing amount of significant rain events late in the season. The lack of water level data
before 1992 and the small number of complete yearly series with instantaneous data represents a
limitation to the accuracy of the results.

The very high variability in the correlation between instant and daily water levels for the different
peak event types suggests that using a single peak correction value at a certain station could lead
to larger uncertainties and even inaccuracy in the calculated water levels, especially for breakup.

The analysis of the evolution of the frequency of ice-induced floods was completed for five rivers
and results suggest a slight (recent) historical rise. However, the data was obtained from several



different sources using different methodologies and assumptions, therefore leading to a high
uncertainty, especially earlier in the record.

On a longer timeframe, as more data gets added to the records, ice-induced flood (or maximum
water level) trends might become more evident, both in terms of frequency and intensity. As
historical data series for nine rivers have already been processed, it would be interesting to continue
this research effort in the following years and to corroborate results using robust hydrological and
ice models to see if maximum water level trends become more evident. This would be useful for
the development of sustainable flood risk reduction strategies across Quebec.
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