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Abstract 

In many northern rivers, ice-jam related floods can lead to more extensive damages than open-

water events because they can result in two to three times higher water depths than open water 

floods under the same or lower discharges. Forecasting ice jams and estimating their potential 

impacts are the key steps in effective flood warning systems, emergency responses and flood 

damage mitigation. However, the studies related to real-time risk analysis during flood forecasting 

are sparse. To overcome this limitation, this study explored the potential of integrating the rate of 

water level rise in flood risk analysis for real-time ice-jam flood forecasting. A stochastic 

framework was applied to generate hundreds of real-time ice-jam water level profiles. These ice-

jam water level profiles can be used to estimate the real-time rates-of-rise to estimate the flood 

hazard. Results demonstrate that estimating real-time ice-jam rates-of-rise can be useful in 

emergency response (e.g. evacuation) and flood damage mitigation. The Athabasca River at Fort 

McMurray is presented as a test site. 
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1. Introduction 

Ice-jam formation is a common phenomenon along many rivers in northern regions. Ice-jams often 

form during spring ice-cover breakup, however they can also be formed during mid-winter breakup 

events. Ice-jams create a strong hydraulic obstruction to the rivers’ flow, causing rapid water levels 

to rise potentially leading to flooding (Beltaos, 1995). Ice-jam related floods can be more 

dangerous than open-water events. At an equivalent discharge, an ice jam can result in two or three 

times higher water depths than an open water event. An ice jam may persist for a few minutes or 

for a few days and then release. Once an ice jam releases, it may produce violent ice runs and high 

water velocities along the ice jam, resulting in rapid water level increases and further flooding  

(Burrell et al., 2015). Rapid water level rise during ice-jam formation and release events pose risk 

to property, infrastructures, eco-habitats and public safety. Therefore, there is a growing need to 

develop the capability to forecast and evaluate water level rates-of-rise (ROR) from ice jams along 

rivers. 

 

The ice-jam ROR can be defined by the speed with which backwater levels rise (DEFRA, 2006). 

The ROR of a flood event has a major impact on the risk to human life, economy and ecology. If 

the ROR of a flood is slow and gradual, it may allow enough time to carry out emergency measures, 

if necessary. On the other hand, if the ROR is rapid, little time is available to respond or implement 

any emergency measure (e.g. flood warning and evacuation). Thus, ROR can be used to assess the 

probable risk of ice-jam flooding and determine whether it is hazardous to riverside communities. 

 

Although published data related to rapid ice-jam backwater flooding is sparse, some of the in-situ 

rapid ice-jam events have been documented by a number of researchers. In 1875, a severe ice-jam 

increased the water level by 17.4 m in less than an hour along the Athabasca River at Fort 

McMurray (Moberly and Cameron 1929). Doyle and Andres (1979) documented a severe ice-jam 

event in 1979 that produced a 3.6 m water level rise in 45 min on the Athabasca River at the 

MacEwan Bridge at Fort McMurray. Hutchison and Hicks (2007) reported a severe ice-jam 

released event that rose the water level at a rate of 0.81 m/min at the jam toe along the Athabasca 

River, AB in 2002. Several ice-jam release events have also been reported along the Saint John 

River, NB, in 1993, 1996 and 2002 (Beltaos et al., 1994; Beltaos & Burrell, 2005; Beltaos et al., 

1998) and the rise of water levels of these events were 1.1, 2.3 and 1.2 m , respectively. The rapid 

increases from an ice-jam release event can be exacerbated by ice runs that intermittently stall and 

release again.  

 

Most real-time ice-jam flood forecasting systems are primarily based on the collection of field 

observations, including regular aerial reconnaissance and assessing river ice conditions by local 

personnel and emergency managers. These flood warning systems require extensive field 

observations and continuous monitoring, which is not always possible due to adverse ice 

conditions and remote locations. Therefore, these systems have considerable uncertainties to 

predict ice-jam formation and release along the river. Several forecasting methods have been 

attempted that include empirical and statistical techniques (White, 2003). However, existing 

empirical and process-based prediction methods are highly site specific and only perform with 

some success. Artificial intelligence techniques are able to model more complex nonlinear 

processes of ice-jam formation, success rates of these models are similar (Mahabir et al., 2002; 

Mahabir et al., 2007). The performances of these techniques are improved by combining multiple 

models such as adaptive neuro-fuzzy inference systems, artificial neural networks and multiple 
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linear regressions (Sun & Trevor, 2018), however they still are not implemented in operational 

flood forecasting. In recent years, some operational forecasting systems have been initiated for the 

Athabasca (Lindenschmidt et. al., accepted), and Exploits (Warren et al., 2017) rivers in Canada. 

In these studies, a stochastic modelling approach was applied to forecast the probability of 

maximum ice-jam water levels along rivers. However, these studies are only concentrated on 

determining the maximum water level during ice-jam formation. This study introduces the 

maximum ice-jam ROR as an additional criterion for quantifying flood hazard.  

 

The main purpose of this study is to provide a novel framework to assess the hazard of ice-jam 

floods in the context of real-time flood forecasting. The specific objectives are (i) to develop a new 

approach to determine the maximum ice-jam flood ROR; and (ii) to assess the real-time ice-jam 

flood hazard based on maximum ROR of ice-jam formation. 

 

2. Methodology 

2. 1 Study site 

Figure 1 illustrates the study domain of the Athabasca River, extending from the Cascade Rapids, 

approximately 30 km upstream of Fort McMurray (FM) to Inglis Island, approximately 20 km 

downstream of Fort McMurray. The river channel upstream of FM is relatively steep (bed slope ~ 

0.001) and characterized by high banks, numerous rapids and occasional islands. The Clearwater 

River joins the Athabasca River at FM and downstream of this confluence the river channel is 

mildly sloped (bed slope ~ 0.0003) and characterized by low banks, numerous islands and sand 

bars. A Water Survey of Canada (WSA) gauge station (number: 07DA001) is located 

approximately 5 km downstream of downtown Fort McMurray.   

 

The spring ice-cover breakup in the portion of the Athabasca River upstream of FM is usually 

quite dynamic that involves thermal deterioration of the ice cover, ice sheet cracking, ice runs, ice 

jam formation and eventually ice clearing. At the beginning of the breakup, high air temperatures 

and local surface runoff initiate thermal deterioration of the ice cover. The snowmelt runoff from 

the upper basin increases water levels and flow velocities along the river that dislodge the 

thermally deteriorating ice cover from the banks, which cracks into ice sheets. Eventually, the ice 

sheets break up into floes which start to move downstream, resulting in small ice runs and ice 

accumulations or jams at rapids and meander bends along the river. These ice jams are often 

dislodged by incoming ice runs or the waves created by upstream ice jam releases. Thus, a 

sequence of small and large ice jams and ice runs occurs throughout the breakup period.  

 

Since the river at FM is relatively flat and has numerous islands and bars, the runs from upstream 

ice jam release events stall downstream of the confluence, resulting in water backing up into the 

Clearwater River. Sometimes staging can reach a level that floods the downtown area of FM. The 

1977, 1979 and 1997 ice-jam floods are the most significant examples that resulted from backed 

up water along the Clearwater River.  
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Figure 1. Study domain of the Lower Athabasca River from Cascade Rapids to Inglis Island. 

 

2.3 Hydrological Data 

The observed water levels and flows were obtained from the real-time gauging station (07DA001) 

along the Athabasca River below FM, operated by Environment Canada’s Water Survey of Canada 

(WSC). Hourly water level data from 1995 to 2018 was analyzed to determine the maximum ROR 

during an ice-jam formation. An abrupt rise in the hourly water level data is a good indicator to 

discern the ice-jam formation downstream of the gauge station. Some of these ice-jam formations 

along the river were validated using Alberta Environment ice-observation reports. Alberta 

Environment and Parks conducted aerial reconnaissance flights along the Athabasca River to 

monitor river ice conditions and produce ice observation reports throughout each spring ice-cover 

breakup since 2007. These reports provide detailed information related to ice cover breakup that 

includes ice jam formation, ice-jam releases and ice runs. 

 

2.4 Ice-jam simulation 

A one-dimensional river ice hydrodynamic model, RIVICE was used to simulate ice jam formation 

and associate water levels along the river. The RIVICE model is able to simulate various river ice 

processes, including frazil ice formation, juxtaposition of newly formed ice covers, shoving of ice 

at ice jam fronts, deposition and erosion of submerged ice, ice jams and hanging dams. More 



detailed descriptions of the model can be found in many publications (EC, 2013; Lindenschmidt, 

2017a; Rokaya et al., udner-review). The RIVICE setup which was used in this study has already 

been calibrated and validated for a number of ice events along the river (Lindenschmidt, 2017a, 

2017b). 

 

In addition to river geomorphology (e.g. cross sections), the model uses various river ice 

parameters and boundary conditions to simulate ice-jam water levels along the model domain. The 

parameters include porosity of rubble ice and the ice cover, thickness of rubble ice pans, the ice 

cover and the ice-jam front (breakup front), velocity of ice deposition and erosion, roughness of 

ice and the river bed, strength parameters of the ice cover and the boundary conditions including 

upstream discharge, downstream water level, incoming ice volume and toe of ice jam (toe of ice-

jam formation). 

 

2.5 Stochastic Modelling framework 

The Monte-Carlo analysis was set up in PEST (Parameter Estimation Program) to run hundreds of 

RIVICE ice-jam and ice-accumulation simulations. The calibrated and validated model for the 

Athabasca River (Lindenschmidt, 2017b) was used to simulate ice-jam scenarios. For each 

simulation, a different set of parameter and boundary condition values, randomly chosen from 

probability distributions, were used. Most parameters values were chosen from ranges of uniform 

distributions. The boundary conditions, such as upstream discharge and downstream water level, 

were chosen from Gumbel extreme value distributions. The Gumbel extreme value distribution for 

the volume of incoming ice was calibrated using the observed stage frequency distributions (Das 

et al., 2017). The location of the ice jam toe was chosen randomly from a uniform distribution at 

locations between the gauge station and the downstream model boundary. 

 

 

2.6 Ice-jam rates-of-rise calculation 

 

In order to determine the maximum ice-jam ROR along the river at FM, the observed water level 

data from WSC’s gauge station below FM was analyzed. It can be measured as the rise of the water 

level in metres per hour.  The beginning of an ice jam formation was marked by the initial point 

of an abrupt water level rise along the river. The maximum ROR is the difference in water levels 

between the beginning and end of each hour. Similarly, the simulated RIVICE ice-jam backwater 

level profiles for each hour were analyzed to calculate the maximum ROR for each ice-jam 

simulation. 

 

The simulated ice-jam water level profiles was also used to produce flood extent maps to analyze 

the rates-of-flood extent in downtown FM. ArcGIS was used to extrapolate backwater levels at the 

confluence of  the Athabasca River and Snye Channel into the floodplain to produce flood extent 

maps in FM’s downtown area. 
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3. Result and Discussion 

3. 1 Ice-jam rate-of-rise along the river 

The observed hourly ice-jam water level rises during spring ice cover breakup along the Athabasca 

River at the gauge station downstream of FM, from 1996 to 2016, are illustrated in Figure 2. The 

start of all hydrographs were normalized to begin at 0 m. 

 

These hourly observed water level rises were used to analyze ice-jam ROR along the river. The 

results show that the maximum ice-jam ROR along the river ranges from 0.2 to 2.2 m per hour 

during the spring ice cover breakup. Some of the data from different years are absent because, in 

those years, either the data was missing or no significant ice-jam formation occurred along the 

stretch downstream of the FM gauge station.  

 

 

Figure 2. Observed ROR during the ice-jams formation along the Athabasca River at the Fort 

McMurray gauge station from 1996 to 2016. 

 

Ice-jam formation data was validated using ice observation reports produced by Alberta 

Environment and Parks (Figure 3). The report maps were extracted on those dates when water 

levels abruptly rose at the gauge station. The maps show where ice jams or ice covers persisted 

along the river in 2007, 2008, 2010, 2014, 2015 and 2016.  

 

In 2015 and 2016, major ice jams and there toe locations were observed along the river downstream 

of the FM gauge station. In both years, the maximum ROR was relatively high being 1 and 1.4 m 

per hour, respectively. In 2008, 2010 and 2014, there were intermittent open water and ice cover 

sections along the river. The maximum ROR were relatively low, 0.3, 0.4 and 0.2 m, respectively. 

In 2007, although there were still intact ice covers along the river, the maximum ROR was 0.7 m 

which is higher than the maximum ROR for the years of 2008, 2010 and 2014. This is due to an 

upstream ice-jam release which increased the discharge and raised the water level abruptly. 



 

 

 

Figure 3. Observed ice jam formation maps along the Athabasca River at Fort McMurray. Data 

source: Alberta Environment and Parks’ ice-observation reports (https://rivers.alberta.ca/. 

 

3.2 Ice-jam rates-of-rise simulation 

The maximum ice-jam ROR was estimated from the simulated ice-jam backwater level profiles 

for each run. The length of the simulation time step was adjusted to approximately match the 

simulated ROR with the observed ROR. Generally, relatively long time steps reduces the hourly 

incoming ice at the leading edge of the ice-jam, resulting in low ROR during the simulation. 

 

Figure 4 shows an example of RIVICE ice-jam simulation results for one of the runs from hours 

16 to 18. In this particular run, the maximum ROR at the gauge station was determined to be 1.5 

m, between hour 16 and 17 during the simulation. The effect of an ice-jam formation on the 

hydraulic conditions varies along the river. For example, the maximum ROR of an ice-jam 

backwater level is maximum at the location of the ice-jam toe and it may be more or less from one 

location to another (downstream to upstream) when the backwater level starts to progressively 

increase in elevation upstream of the jam. A total of one hundred ice-jam simulation water level 

profiles were analyzed to estimate the maximum ROR at the FM gauge station. The maximum 

ROR for each simulation at the FM gauge station are shown in Figure 5. The results indicate that 

the maximum ROR for this location varies from 0.2 to 1.5 m/h. 
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Figure 4. An examples of a RIVICE ice-jam simulation from hour 16 to 18 after an ice-jam 

initiation along the model domain. 

 

 

 

Figure 5. Simulated maximum ice-jam ROR per hour at the gauging station along the Athabasca 

River below FM vs corresponding cross-section number of the ice-jam lodgement.  



The relative frequency of ice-jam ROR from the simulated ice-jam water level profiles is shown 

in Figure 6. The result shows that most runs (56%) produced RORs between 0.2 and 0.7 m, while 

25% and 9% of them produced RORs from 0.7 to 1.2 m and 1.2 to 1.7 m, respectively. The 

simulated ROR from the RIVICE hydraulic model are in good agreement with observed ROR at 

the gauge (Figure 6). However, the extreme ROR found in the observations was difficult to 

simulate. 

 

The simulated ice-jam ROR and its frequency distributions can be used in a forecasting context to 

determine the real time ice-jam flood hazard based on frequency of the maximum ice-jam ROR 

along the river. This information can be used to help direct appropriate measures in an emergency 

situation such as issuing flood warning and evacuations. 

 

 

 

Figure 6. Relative frequency of the simulated ice-jam ROR per hour along the river. 

 

A real-time ice-jam flood map was produced to analyze the rates-of-flood extent of one of the 

simulated water level profiles (Figure 7). The RIVICE model was not set up to considered 

overbank flow in the simulation to pursue a more conservative approach to flood inundation.  Ice-

jam water levels were extracted at the confluence of the Athabasca River and Snye Channel and 

produced the flood maps for the downtown area of FM. The figure shows that the rates-of-flood 

extent during the simulation, between hour 19 and 21. The overall flood extent increased between 



hour 19 and 21.  This results can be used to estimate the probable rates-of-flood extent of an ice-

jam event in a forecasting context. The emergency manager can estimate the required time to 

implement emergency measures for the most vulnerable area along the floodplain.   

 

 

 

 

Figure 7. Example of rates-of-extent of an RIVICE ice-jam flood simulation from 16 to 18 hour 

along the downtown of the Fort McMurray. 

 

Probable maximum ROR and real-time flood extent estimations can provide a means of effective 

ice-jam flood forecasts and warning systems.  As timeliness is one of the most important 

considerations in preparing a flood forecast, the maximum ROR can provide information of 

probable preparation time during an emergency situation. The real-time flood extent maps can 

provide the information related to the most vulnerable areas within the floodplain. 

 

4. Conclusion 

This study provides a new framework of estimating real-time flood-risk in the ice-jam flood 

forecasting context. The maximum ROR was calculated during ice-jam formation using hundreds 

of RIVICE ice-jam simulations in a stochastic modelling framework. The maximum ROR can be 

incorporated into probable real-time risk estimation of an ice-jam event. The real-time ice-jam 

flood extent maps can also be used for effective flood warning such as identifying the most 

vulnerable flood zone along the floodplain. 

 

For future work, we would like to see the contribution of upstream ice jam releases on the ROR 

and flood extents. The ice-jam flood risk to people based on ROR can also be introduced. 

Additionally, the model capacity should be improved to determine the ROR in smaller time 

intervals (minutes) during ice-jam and ice-jam release events.  
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