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Ice jam flooding of the Peace Athabasca Delta (PAD) has important ecological
and socioeconomic implications. This paper describes the break-up and ice jam
flood of the Peace River at the PAD in April-May 2014. The break-up and
flooding were documented from water levels, aerial surveys, satellite imagery,
mobile web camera imagery, and ground based observations. Break-up front
celerities of 300 km/day were documented that suggest large, previously
underestimated discharge contributions due to storage release that allow for
self-sustaining break-up fronts in a low gradient major river system.

1. Introduction
The Peace-Athabasca Delta (PAD) is located in northeastern Alberta about 1200 km downstream
from the Bennett and Peace Canyon Dams in British Columbia (Figure 1). It is a very large
predominantly wetland area ranging in size from 5,200 to 6,200 km2 bound to the south by the
Athabasca River Delta, Lake Clair to the west, Lake Athabasca to the east and the Peace River
that flows along its northern boundary (Figure 2). Most of the time drainage from the PAD is
northwards through a series of connecting channels as shown. During high Peace River flows
these channels reverse direction and flow southwards. During ice jams on the Peace River water
levels are higher than open water floods and not only do these connecting channels reverse
direction but overland flooding occurs supplying water to higher elevation basins, replenishing
them and thereby increasing their bio-productivity. It is for this reason that ice jams and their
frequency of occurrence on the Peace River in this reach have been of considerable interest.
These ice jams stay in place for several days to one to two weeks and their duration is also
important as it takes time for the water to spread into such a large area as the PAD. The break-up
also has to be dynamic for these ice jams to form as thermal break-ups do not create substantive
ice jams that can raise water levels sufficiently to flood the PAD. Dynamic break-ups are driven
by snowmelt run-off from the Smoky River and other tributaries with a smaller contribution from
the Bennett Dam. If the snowpack or snowmelt run-off is low to around average in these
watersheds, a thermal break-up will occur and ice jam flooding of the PAD is unlikely.
Some previous studies have theorized that because Peace River winter discharges are higher
post-regulation, higher ice elevations require greater discharge to create a dynamic break-up
(Beltaos, 2006). However, the larger volume of water stored in the channel post-regulation
during winter and spring contributes a potentially important source of high flows during breakup. Storage of water in the river channel occurs due to the presence of the ice cover which slows
down the water due to friction causing a higher flow depth for the same amount of flow in the
river. The thickness of the ice cover adds additional storage. This volume of water is released at
break-up and is referred to “storage release”.
The break-up sequence leading up to the formation of ice jams in the PAD is important since
water from channel storage is released as break-up propagates downstream, and this contributes
to the factors that will sustain a dynamic break-up. The release of water from channel storage
ultimately affects the discharge, which in turn determines if a dynamic break-up will advance
into the PAD reach. This discharge also determines the height and thickness of the ice jam that
forms, which in turn affects how much water flows into the Delta floodplain. Ice jams can form
and release on the Peace River upstream of the PAD. When an ice jam releases it forms a wave
or what is called a “jave” that can break-up more ice cover in front of it and may eventually
create ice jam flooding at the PAD.
The key to the storage release mechanism is the celerity or speed of the break-up front. If it is too
slow, such as in a thermal break-up with maximum celerities of 25 to 50 km/day (0.3 to 0.5 m/s),
there may not be enough water released from channel storage to compensate for higher freeze-up
levels. However, for dynamic break-up, celerities of 450 km/day (5.2 m/s) have been observed
on the Yukon River (Gerard et al. (1984) and 390 km/day (4.5 m/s) on the Hay River (Jasek
2003) that would release sufficient water from storage to enable the creation of a self-sustaining

break-up front. The first numerical simulations that showed break-up fronts could be selfsustaining were done by Ferrick and Mulherin (1989). Jasek et al. (2005) simulated this storage
release mechanism in a prismatic channel using the CRISSP model and observed that break-up
fronts can be self-sustaining and travel long distances at rates similar to that observed in the
Yukon and Hay Rivers. Beltaos (2017) also simulated self-sustaining break-up fronts.
Due to the difficulty of monitoring long river reaches, direct observations of break-up front
celerities on the Peace River had been opportunistic and infrequent prior to the 2014 event. In
2014, a combination of extensive and frequent aerial observations, sequential satellite imagery,
and ground-level measurements facilitated a detailed description of the spring break-up on the
Peace River, ice jam formation and ice jam releases and quantification of the processes of breakup celerity and storage release leading to ice jam flooding of the PAD.
2. Complexities of storage release during break-up, multiple break-up fronts and past
numerical simulations
Breaking of river ice and consequent storage release are complex processes and are described by
Jasek (2003) who differentiates between a rubble front type of break-up and a sheet front type of
break-up. Advancing rubble ice breaks the solid ice sheet as it travels downstream and cannot
travel for long distances at speeds much greater than the velocity of the moving rubble ice. In
contrast, sheet break-up fronts occur when rising water levels lift the ice cover enough to form
open water leads along the banks that permit ice sheets to start moving. On the Peace River, and
on other large northern rivers, extensive leads can form due to rising water levels just prior to
break-up. These open water areas typically develop along the banks, on top of the shore ice that
is frozen to the river bed, over gravel bars and in secondary channels. A snowmelt wave or a jave
lifts the solid ice cover off its anchor points on the river banks and gravel bars, thereby allowing
the ice sheet to start moving. Because the ice sheet is internally weak after being exposed to
weeks of high temperatures and solar radiation, it can fracture into pieces due to asymmetric
point loads from collisions with the banks, bars and islands. Once the ice is set into motion, the
ice and the previously slower moving water underneath it (due to friction with the bottom of the
ice) accelerates and both contribute to the volume of storage release.
Aerial observations of ice sheet break-up reveal that a break-up front is not bound by the ice
velocity, as there are often multiple break-up fronts several kilometres apart. If a confined ice
sheet is encountered by the sheet break-up front, the discharge wave or jave continues
downstream underneath the intact ice sheet and sets into motion less confined ice sheets
downstream. Since a discharge wave travels faster than both the river water or ice, it leaves the
original break-up front behind, turning it into a rubble front that is left to break up the local
confined ice sheet more slowly (auxiliary break-up front) without slowing-down the downstream
(primary) break-up front. It is important to mention that the primary break-up continues to
release water from storage that increases its ability to remain self-sustaining even though there is
an auxiliary break-up front behind it that is re-storing and later re-releasing water. Once the
auxiliary break-up front passes completely through the more resistant ice sheet, another jave is
released that supplies a mass of water behind the primary break-up front that helps to sustain it
further (i.e. the jave from the auxiliary break-up front is likely to catch up to the primary jave and
break-up front adding to its momentum that can break-up even more resistant ice cover). By

these complex mechanisms, a break-up front can travel hundreds of kilometres and be selfsustaining due to the water released from storage upstream of the primary break-up front.
Storage release during break-up does not require multiple break-up fronts as has been shown by
Jasek et al (2005) and most recently by Beltaos (2017) in prismatic rectangular channels. These
simulations show that the storage release magnifies the pre-break-up flow by a factor of two to
three times. So discharges of around 4,000 m3/s (typical of a higher than normal snowmelt runoff) could be magnified to values between 8,000 to 12,000 m3/s which is has much more power
to break-up the ice cover further than the original snowmelt run-off flow. If an ice sheet is
sufficiently confined and strong enough to resist the destabilizing effects of the jave, a sheet
break-up front will be stopped and either be converted into a rubble front or into a stationary ice
jam. It may take a considerable to distance for the break-up front to stop due to the large amount
of momentum behind the break-up front. This momentum increases with break-up front travel
distance as the wave becomes longer the further the break-up travels. Therefore, the longer the
break-up front travels the more difficult it is to stop by an intact ice cover.

3. Graphical representation of break-up data
The progression of break-up based on aerial surveys, satellite imagery (RADARSAT-2, MODIS,
Landsat-8, TerraSARR), mobile web camera imagery, and ground based observations is
summarized in Figures 3a and 3b. The ice front in Figure 3a is denoted by the black diamonds
connected with black lines. In the case of the thermal break-up on the Peace River, the receding
ice front marks the location of the demarcation between solid winter ice downstream and the
open water or a small amount of rubble ice upstream. In the case of a dynamic break-up, the ice
front is also the break-up front, and if the dynamic break-up front is arrested, it becomes the toe
of the most downstream major ice jam. Each multi-coloured vertical line in Figure 3a depicts the
ice conditions based either on aerial observations or satellite imagery. Line slopes in Figure 3a
indicate either velocity (in the case of moving ice) or celerity (in the case of a moving wave,
jave, or a dynamic break-up front). To aid in scaling celerities and velocities, diagonal lines
depict velocities/celerities from 1 m/s to 5 m/s on the left side of Figure 3a. Horizontal lines
indicate locations of interest, but some contain ice observation information based on ground
observations or web cameras.
4. Overview of the Peace River break-up sequence
Until about April 25, the ice front was receding at about 0.21 m/s (18 km/day) indicating a
thermal break-up was occurring (Figure 3a). Between April 26 and 27, break-up became
dynamic (ice front travelled downstream at a rate up to 2.4 m/s or about 200 km/day) but stalled
at two locations – downstream of Fort Vermilion and just upstream of Vermilion Falls. This
created two large ice jams, one upstream of Fort Vermilion and one downstream. These ice jams
remained in place for almost three days until April 30 when they both released (the downstream
one first). This created another dynamic break-up front that travelled to the PAD and into the
Slave River on May 1. Due to bad weather, aerial observations were not possible on May 2 in the
PAD reach. From May 3 to May 6 the large ice jam that formed at the PAD slowly melted from

the upstream end due to the arrival of above freezing water. On May 6 the ice jam mechanically
consolidated, becoming considerably shorter over a few hours. This was likely due to the arrival
of another snowmelt wave from mostly upstream of the Smoky River and downstream of the
Bennet Dam (Figure 5b) as a result of the warm spell from April 28 to May 1 (Figure 5a). From
May 6 to May 8 the ice jam continued its melt due to the continual arrival of above freezing
water. May 8 was the last flight conducted by BC Hydro while the ice jam was still in place at
the PAD. Parks Canada was unable to fly due to poor weather on May 9 and May 10, and the
jam was absent when Parks Canada flew again on May 11 (Straka and Gray, 2014). Descriptions
of the break-up processes are provided on a reach-specific basis in the following sections.
4.1 Break-up of the Smoky River and Little Smoky River
Break-up of the Smoky River and Little Smoky River began on April 6 in response to above
freezing temperatures since April 3 (Figure 4a). Warm weather continued with daytime highs
around +10 oC until April 10, followed by a return to freezing temperatures April 11-12, a brief
warm spell April 12-14 followed by another cold spell April 15-17. Significantly warmer
weather occurred April 19 to 22 with daytime highs around +15 oC. During the above weather
sequences the Smoky River broke up and stationary ice jam was present on the Smoky River just
upstream of the Peace River confluence from April 11 to April 21, at which time it released into
the Peace River. The Smoky River break-up did not trigger a dynamic break-up of the Peace
River at the Town of Peace River, but increasing discharges from the Smoky through April and
May contributed to the break-up initiating discharge downstream and the storage release effect
on the Peace River. A detailed description of break-up in the Smoky River Basin can be found in
Jasek (2017).
4.2 Peace River Break-up between the Town of Peace River and Sunny Valley
Thermal break-up in this 100 km reach occurred between April 21 and April 26 with the ice front
traveling downstream at a rate of about 25 km/day (0.29 m/s) (Figures 3 and 5) (These are
averaged rates as thermal break-up occurs in starts and stop with open leads developing
downstream of the main melting leading edge). The weather cooled somewhat from April 23 to
25. Fragmented ice that had accumulated upstream of the ice front caused high water levels. On
April 25, a 7 km long ice jam was observed upstream of the ice front with water levels
approaching bank-full (Jasek, 2017). During this event the discharge at the Town of Peace River
South gauge (not ice-affected by this time) was about 4700 m3/s (Figure 4b). This large
discharge indicated a potential for conversion to a dynamic break-up with the possibility of icejam induced flooding at the PAD and triggered the mobilization of BC Hydro to conduct
monitoring of the break-up. A detailed description of the break-up between the Town of Peace
River and Sunny Valley can be found in Jasek (2017).
4.3 Peace River Break-up between Sunny Valley and Vermilion Falls
Break-up between Sunny Valley and Fort Vermilion went dynamic on April 26 (Figure 5 and
Jasek, 2017). The weather was warming by this time with highs back to around +10 oC. The
break-up front travelled downstream past Fort Vermilion on April 27 and created a 28 km ice
jam upstream of Vermilion Rapids and a 24 km long ice jam upstream of Fort Vermilion, with

42 km of open water in between (Figure 6, 7 and 8a). Water levels in the vicinity of these ice
jams exceeded bank-full at many places and had taken down a set of power lines that were
crossing the river at km 818, depositing orange marker balls onto the surface of the ice jam at
this location. These ice jams stayed in place for ~ 3 days (April 26-30); the long duration was
likely due to decreasing river flows April 26-28 attributable to cooler weather during April 23-27
(Figure 4). Aerial observations and satellite imagery indicated that the ice cover between
Vermilion Falls and the PAD was mostly intact (Figure 3a, Figures 7 and 8) during the period of
April 27 to 30 while the two ice jams were in place.
The discharge wave from the break-up between Sunny Valley and Vermilion Falls continued
under the ice cover downstream towards the PAD. Ice elevation rose smoothly but more steeply
between April 27 and 30 (Figure 5) which increased the volume of water available for the
storage releases during downstream break-up between Vermilion Falls and the PAD. A
description of the break-up between Sunny Valley and Vermilion Falls and on the Wabasca
River can be found Jasek (2017).
4.4 Peace River Break-up between Fort Vermilion and the PAD
A detailed examination of the break-up characteristics in this reach provides information about
how the timing of ice jam releases and subsequent break-up front arrivals times can be used to
calculate the break-up front celerities that in turn can be used to quantify storage release effects.
This section will show that on Apr 30 the ice cover between Vermilion Falls and the PAD was
largely intact (Figure 8a) and that by May 1 it was all broken up (Figure 8b), indicating that over
300 km of ice had broken up in less than 24 hours. Between April 27 and April 30 the weather
increased from warm (highs around +10 oC) to extremely warm (highs of over +20 oC) (Figure
4a). This appeared to be a key driver in breaking up the ice cover in this reach.

April 28 - 29, 2014.
Between the Vermilion Falls and the PAD on Apr 28 and 29, satellite imagery revealed that the
ice sheet was mostly intact (Figure 9 and Jasek, 2017). A composite view provided by combining
three satellite images, along with images on April 30, indicates that only 3% of the river between
Vermilion Falls and the start of the Slave River was obscured by clouds. The only open water
evident was a 1 km long section at Boyer Rapids that had developed between April 28 and April
29 (Jasek, 2017).
April 30, 2014.
Aircraft were unavailable on this date. Ground observations, web camera images near Fort
Vermilion, and a MODIS satellite image provided a cloud-free view from km 635 downstream to
about km 995. A RADARSAT-2 image of the PAD reach (km 1180 to Slave River) of the Peace
River was also taken on this date (Jasek, 2017) showing in-situ winter ice. A synthesis of these
observations (Figure 10) indicates no open water downstream of Vermilion Falls and in the PAD
reach on Apr 30 with the exception of the 1 km long reach at Boyer Rapids. River ice between
Vermilion Falls and the Slave River was probably unbroken in-situ winter ice.

On April 30, dynamic break-up of the Peace River had re-established itself after an almost three
day pause. On Apr 28, the weather grew significantly warmer and by Apr 30 it was +22 oC in
Fort Vermilion and +24 oC in the Smoky River basin. As a result, discharges in the Peace River
were increasing (Figure 4). Release of the ice jam downstream of Fort Vermilion was occurring
during the acquisition of the Apr 30, 13:30 MDT image (Jasek, 2017).
Evidence of the timing of this release or shift in the ice jam location downstream of Fort
Vermilion is reflected in the Fort Vermilion gauge (Figure 5) located 1.5 km downstream of the
toe of the ice jam at km 831.5. On April 30 at 15:00 hrs, the water level at Fort Vermilion started
to drop. At 16:00 hrs ground observations indicated that the water level at km 805 near the
upstream end of the ice jam was at its high water mark and slowly increasing. This indicates that
the dropping water level at the Fort Vermilion gauge (downstream of this ice jam) was not due to
decreased flow from upstream, but rather from the diminishing backwater effects due to release
of the ice jam downstream of Fort Vermilion. By 16:00 hrs, the water level at the Fort Vermilion
gauge had decreased 0.11 m. It is likely that the downstream ice jam released in the hour or two
before the MODIS image was acquired.
At 17:00 hrs, as monitoring continued of the ice jam at km 818 (near the location of the downed
power lines), water level at the Fort Vermilion gauge had decreased 0.26 m from its peak. At
17:05 the ice jam began to move at km 818 and was still moving at 17:16. At the highway bridge
at km 825.5, the ice jam moved briefly from 17:37 to 17:40, with the movement of the ice
becoming sustained at 18:11 hrs, concurrent with a drop of 0.50 m at the Fort Vermilion gauge.
By about 18:30 hrs, water level had dropped a total of 0.55 m with the toe of the upstream ice
jam having released by this time. The ice sheets that were holding the toe of this ice jam in place
were observed to pass the Fort Vermilion gauge at about 18:45 hrs, at which time the water level
started to increase with a full release of the ice jam underway.
The downstream ice jam that had released earlier that day may have caused the water surface
gradient to increase through the upstream ice jam, thereby triggering its destabilization. It is also
possible the downstream ice jam was destabilized by a dynamic break-up observed on the
Wabasca River on the previous day.
Rubble ice continued to run through Fort Vermilion for most of the evening, piling up ice on the
lower banks of the river within the town. The water level from the ice run peaked at about 21:00
hrs, ~ 0.93 m above the 18:30 hrs minimum level but ~ 0.85 m lower than the peak break-up
level of April 27. If the downstream ice jam had not released before the upstream ice jam, the
water level in the town may had been much higher. A web camera deployed at the highway
bridge (km 825.5) indicated that ice elevations started to decrease at ~ 21:20 hrs and the ice
concentrations were below 5% by then, indicating that the upstream end of the ice run was
approaching town.
At 17:05 hrs at km 818, orange aviation markers that had fallen off the downed power lines
started moving with the rubble ice. These markers passed km 832 in Fort Vermilion at 20:11 hrs.
From these two observations, the rubble ice velocity was calculated to be about 1.3 m/s or 108
km/day. The ice run may have accelerated later due to a reduction in friction between the ice

mass and the banks as the rubble ice spread out and thinned. Note that the velocity calculated
above would be expected to be much less than then break-up front speeds generated by javes (2
to 10 m/s, Jasek 2005) as javes travel faster than the water velocity in the river.
May 1, 2014.
On April 30, the ice cover between Vermilion Falls and the PAD was largely intact. By May 1,
the ice was entirely broken, indicating that over 300 km of ice had broken up in less than 24
hours.
Figure 11 shows the water level at Peace Point. Although the gauge was not reading accurately
from 03:30 hrs to 09:20 hrs MDT on May 1 (personal communications with Environment
Canada), the large water level fluctuations during this period indicate that water level changes,
and likely ice movements, were taking place. The orifice line was likely getting moved around
and pinched by shifting ice creating the pressure spikes. The first indication of these changes
occurred at 04:20 MDT when the gauge reading jumped almost 2.5 metres in 10 minutes –
possibly due to the arrival of the jave that originated from the release of the ice jam downstream
of Fort Vermilion.
Figure 12 shows a series of Environment Canada camera images taken at the Peace Point gauge
(Note that the time in the label for these is in MST where this report refers to data in MDT). The
first two images from Apr 30 show that the ice sheet remained stationary on that day. However,
comparing the first daylight image on May 1 to the last daylight image on Apr 30 shows that the
entire ice sheet is a completely different one but remains the same in several subsequent May 1st
images. This indicates that the ice sheet shifted significantly between Apr 30 21:00 MDT and
May 1, 05:00 MDT indicating that the initial part of the jave may have arrived between these
times.
Jasek (2017) analysed the photographs at the pixel level and using angular projection to the
opposite river bank was able to calculate water levels from the photographs (Figure 11). On
April 30, water levels estimated from photography (WLP) matched the secondary water level
sensor (Figure 11) and also matched the water level on April 28-29 (Jasek 2017). However, with
the first daytime photograph on May 1, the WLP was ~ 0.7 m higher than at 05:00 MDT
secondary water level data point at 03:30 MDT. From 05:00 to 06:00 MDT the WLP decreased ~
0.25 m before starting its final increase when the rubble front arrived. This indicates that there
was another peak of unknown height between 03:30 and 05:00 MDT. This is consistent with the
start of large but inaccurate water level fluctuations in the primary gauge data at Peace Point on
May 1, 04:20 MDT.
Solid ice next moved downstream between 07:01 MDT and 08:01 MDT, a shorter ice movement
than the previous one, only tens of metres. This indicates that another pulse of increased water
velocity, possibly from another jave, may have arrived but did not dislodge the ice sheet. The
09:01 MDT image may have captured the arrival of the rubble break-up front as indicated by
presence of the rubble ice in the image foreground. Two subsequent photos at 10:01 and 11:01
MDT showed moving rubble at the gauge during these times. This may have been an auxiliary

break-up front with the possibility that the primary sheet break-up front was located further
downstream. Notes from these images are plotted in Figures 10 and 11.
The WSC gauge on the Peace River below Quatre Fourches, located at about km 1227 near
Rocky Point (Figure 2), indicates that on May 1, the 10:00 and 11:00 MDT data points are
missing, but by 12:00 MDT water levels indicate that the river is rising rapidly (Figure 13). A
flight over the Rocky point reach at 13:37 MDT showed that there was an ice run there but it was
not at full surface concentration (Figure 14), indicating that the initial break-up occurred there
much longer than just a few minutes ago. The ice could have dislodged around the time of the
start of the rapidly rising water level at 12:00 MDT and this point is plotted in Figure 10,
matching the break-up celerity line drawn between Peace Point (at 04:20) and the start of the
Slave River (at 13:37).
An ice observation flight by BC Hydro was conducted between Fort Vermilion and the PeaceSlave-Rivière des Rochers confluence in the afternoon of May 1. Due to aircraft fuel limitations
it was not possible to observe the ice conditions in the PAD channels and lakes on that same
flight. A summary of these observed ice conditions is depicted by the May 1 vertical line in
Figure 10. The entire reach of Peace River between Fort Vermilion and the PAD had broken up
and there was a lengthy ice run of hundreds of kilometers (Figure 10 and Figure 15) downstream
of the Wabasca River confluence between km 930 and km 1243. High concentration moving
rubble in some of the reaches would not necessarily have been the result of the failed ice jams,
but due instead to narrow channel pinch points that impede an ice run. Conversely, low
concentrations would not necessarily indicate pre-existing open water conditions between ice
jams, but would reflect wider river reaches such as those at Boyer Rapids.
Higher ice concentrations between km 933 and km 973 (Figure 15) resulted from ice floes
derived from the released ice jam upstream of Fort Vermilion. The ice jam downstream of Fort
Vermilion was approximately the same length as the upstream one. Therefore, it is likely that the
running ice between km 1008 and about km 1037 was formed from the ice jam that was present
in the reach between Fort Vermilion and the Vermilion Falls. The running ice that was observed
in the reach between km 1037 and the Slave River (km 1243) must have been broken up in-situ
ice derived from the 330 km-long reach between Vermilion Falls and the Slave River. The reachaveraged surface ice concentration of this ice run was around 68 %. Although this may beg the
question of how can a long reach be intact ice cover one day and be at 68% concentration the
next day? As it turns out there is plenty of room for the formation of open water areas during the
dynamic break-up process and some ice can get stranded. This is discussed in detail in Jasek
(2017).
Nearly 30 photographs of running ice on May 1 over the ~300 km long reach are shown in Jasek
(2017), some of which are presented here (Figures 14, 16-21). The break-up front entered the
Slave River (km 1243) at about 13:40 MDT (Figures 20, 21). Photographs of primary and
auxiliary break-up fronts (Figures 20 and 19 respectively) taken 1 minute or less apart are
evident and yet the two break-up fronts were about 9 km apart in distance. Late in the evening on
April 30, Figure 23 shows that the ice in the PAD reach was continuous, smooth and solid, about
17 hours before it broke up on May 1 (Figures 17-21). This documentation shows that the breakup of this ~300 km long reach was very quick, complete and more or less sequential with

occasional auxiliary break-up fronts lagging the primary break-up front by only 10’s of
kilometres and perhaps up to 5 hours apart.
For the April 30 to May 1 break-up sequence, break-up celerities were calculated for the reach
between Vermilion Falls and the Peace Point gauge and for the reach from the gauge to the Slave
River (Figure 10). The timings are precise to within 1 or 2 hours for the jam release upstream of
Vermilion Falls and to within 10 minutes for the arrival at the Slave River. The data are less
precise at the Peace Point gauge where noise in the gauged water level data began at 04:20. The
ice had shifted significantly by 05:00 MDT; water levels determined from photographs indicated
that a jave may have arrived between 03:30 and 05:00 MDT, followed by shifting ice sheets, and
the arrival of a rubble front at 09:00 hrs. This represents about 5 hours of uncertainty. To bracket
the celerity calculations, a second set of break-up celerity lines were plotted (Figure 10) and
producing the following break-up front celebrities: Using the start of large water level gauge
fluctuations at Peace Point at 04:20 hrs, celerities were 330 km/day (3.8 m/s) between Vermilion
Falls and Peace Point and 270 km/day (3.2 m/s) between Peace Point and the Slave River. Using
the arrival of the rubble front at Peace Point, the celerities were 260 km/day (3.0 m/s) between
Vermilion Falls and Peace Point and 550 km/day (6.3 m/s) between Peace Point and the Slave
River. The latter calculation suggests an increase in celerity over time which is less likely than
the more consistent celerity derived by the former calculation. The former calculation also agrees
better with the arrival of rapidly increasing water levels at Peace River below Quatre Fourches
WSC gauge (Pink dot in Figure 10 on May 1 near Rocky Point). This further supports the
possibility that the rubble front that arrived at Peace Point at 10:01 MDT was an auxiliary breakup front and that at that time the primary break-up front had already passed the gauge (possibly
at 04:20 MDT).
The average break-up front celerity between the jam release above Vermilion Falls and the Slave
River was 310 km/day (3.6 m/s) expressed over ~ 340 km of river. This was calculated based in
the timing of the release of the downstream ice jam on Apr 30 and the arrival of the break-up
front at the Slave River on May 1. This indicates that long reaches of the Peace River can breakup at high celerities through the action of javes.
4.5 Peace River Ice Jam at the PAD and Break-up of the PAD Channels
The toe of the ice jam that flooded the PAD formed 10 km downstream of the confluence of the
Peace and Rivière des Rochers on the Slave River (Figure 22, 23), roughly at km 1253 if one was
to extend the Peace River distance datum down the Slave River. Break-up of the PAD channels
and resulting flooding of the PAD was a gradual process due to the large areal extent of the
PAD. Water from elevated Peace River levels and the connected PAD channels takes time to
propagate into overland areas. In 2014 this process occurred over a 10-day period from May 1
(initial Peace River break-up at the PAD) to May 10, when the ice jam on the Peace River
completed melting in place. The detailed description of the process can be found in Jasek (2017).
Extensive Peace River ice jamming (shown for May 4 and May 7 in Figure 23) led to extensive
overland flooding of the PAD (shown for the Quatre Fourches River in Figure 24).

5. Channel Storage Release during the 2014 Peace River Break-up
It cannot be determined at this time whether the self-sustaining nature of the 2014 break-up event
is rare, relative to other years when the PAD flooded. Detailed break-up data for the lengthy
reach of river upstream of the PAD are not available for past floods to be able to make this
determination. It is possible that prolonged self-sustaining break-up storage releases may be a
requirement for causing both pre and post regulation ice jam flooding of the PAD.
There were two major jave storage release events as a result of javes during the 2014 break-up of
the Peace River. The first occurred on April 26-27 when the ice broke up from Sunny Valley to
just upstream of Vermilion Falls. This ultimately contributed to the formation of two large ice
jams, one upstream and one downstream of Fort Vermilion. About 395 km of river ice broke up
in about 23.4 hours yielding a break-up front celerity of about 385 km/day (4.5 m/s) (Figure 3a).
The second jave storage release event occurred on April 30-May 1 and broke up the Peace River
ice from upstream of Vermilion Rapids to the Slave River. During this event about 342 km of ice
broke up over a period of about 26.4 hours, resulting in a break-up front celerity of 310 km/day
(3.6 m/s) (Figure 10). These high celerities are similar to some of those calculated by the
simulations of self-sustaining break-up storage releases conducted by Jasek et al. (2005), using
the CRISSP model for a rectangular channel with similar hydraulic characteristics to the Peace
River, suggesting that the break-up in 2014 travelled at self-sustaining rates.
Discharge from the first jave may have had some residual effect downstream when the second
jave occurred. Some of the water released from storage upstream of Vermilion Falls during the
jave on April 26-27 would have flowed downstream, but would have slowed down by the
presence of the ice cover. There would have likely been some extra discharge from this first jave
present in the channel when the second jave broke up the ice cover between upstream of
Vermilion Falls to the PAD (based on under ice base flow velocity of 0.75 m/s (Beltaos, 2017)
over a 336 km reach from the downstream ice jam that formed on April 27 would take 4 days to
reach the PAD (which would be May 1, during the 2nd jave storage release event). There also
would have been some volume from the first jave channel storage release re-stored in the two ice
jams upstream and downstream of Fort Vermilion (in the form of additional ice jam thickness
and the associated extra backwater upstream of these two jams). Therefore, storage release from
both javes would have been a factor in breaking up the ice cover in the PAD reach on May 1.
Using appropriately lagged flow releases from the Bennett Dam to account for flow travel time
to the time and location of the javes indicates that there was 570 m3/s above natural Williston
Reservoir inflows for the first jave on Apr 26-27, and 350 m3/s above natural Williston inflows
for the second jave (i.e. these positive discharge values indicate that there was more water being
released from Williston Reservoir than was flowing into it indicating that break-up flows at the
time were being augmented by regulation). These values represent the extra water present in the
channel available for break-up storage release due to regulation. These flows would have been a
part of the base flow prior to storage release. These base flows would have been compounded in
some way due to the linkages described above and storage release discharge would have added
to these flows.
Given that the extra base flow in the river prior to the jave releases was somewhere between 350
and 570 m3/s (somewhere in-between due to their compounding effects of the two javes
described in the previous paragraph) one can calculate the regulation augmented storage release

discharge if the storage release factor Qp/Qo is known,where Qo is the base discharge and the Qp
is the sustained peak discharge upstream of the self-sustaining break-up front. Some Qp/Qo ratios
were computed by Jasek (2005) but the Qo were much lower compared to what was occurring in
the 2014 break-up. Beltaos (2017) confirmed these numerical results but also conducted higher
discharge simulations that were aimed to approximate the flows for the 2014 break-up and
determined a Qp/Qo of 2.75. Applying this factor to 350 and 570 m3/s gives regulation
augmented storage release in the range of 950 and 1570 m3/s. This is a significant amount of
discharge that may be enough to counteract the effect of higher freeze-up stage on break-up
resistance. However, more work needs to be done to quantify these numbers as there are some
differences between numerically simulated storage releases and the 2014 break-up features
which are subsequently discussed.
Relative to prismatic rectangular channels used in numerical simulations, natural shaped river
channels can change how flows and waves propagate downstream due to overbank and side
channel storage and subsequent release, or in some cases, permanent loss of flow. This needs to
be taken into account when comparing these numerical simulations with observed water levels.
Beltaos (2017) indicated that the shape of the observed hydrograph at Peace Point in 2014 was
too peaked compared to the more flat topped numerical simulations of self-sustaining break-ups.
This difference could be explained by the effect of overbank storage, other morphological river
geometry or channel shape or perhaps by the more detailed physics at the break-up front location
that are simplified in the numerical world.
Beltaos (2017) and Jasek (2005) numerical simulations indicate that during the self-sustaining
break-ups for Peace River channel slopes in the PAD reach, the ice is set into motion near the
peak of the wave (about 97% of the river level increase from the base flow condition to the peak
of the jave). However, the 2014 observed data indicate break-up celerities of the self-sustaining
magnitude and yet the ice had already been in motion at the Peace River near Quatre Fourches
when it was observed (Figure 14) at about 80% of the peak (Figure 13). Since the ice
concentrations were well below 100% during this observation, break-up had occurred some time
ago and therefore the break-up likely occurred at a value much less than 80% of the peak
according to the steep rate of rise of the water level in Figure 13 prior to the flight observation.
At Peace Point the ice was set into motion at some time between the May 1, 08:00 and 09:00
MDT photographs, between 37% and 77% of the peak respectively. These lower observed breakup threshold values at the two gauging sites compared to numerical ones indicate that the
observed threshold discharges may also be significantly less than the simulated numerical ones
that were selected to give the observed break-up front celerities. The discrepancies between
numerical (Jasek 2005, Beltaos 2017) and observed 2014 self-sustaining break-up features (the
shape of the break-up hydrograph) indicate that there is a need for improved numerical break-up
models. Evidently, simplifications, approximations and assumptions in rectangular/prismatic
channels numerical studies may not be simulating the storage release entirely correctly.
Nevertheless, the self-sustaining nature of the 2014 break-up indicates that storage release over
very long channel lengths is a real phenomenon in nature as well as in the numerical world.
As discussed earlier, there appeared to be a significant amount of regulation augmented storage
release discharge during the 2014 event that may had been enough to counteract the effect of
higher freeze-up stage on break-up resistance. It is therefore possible that this augmentation

exists in other years where the PAD flooded. This would be in agreement with Timoney (2013)
who found that there was no strong statistical evidence that regulation has affected the Peace
River ice jam flood frequency.
The question of whether the frequency of spring ice-jam floods of the Peace River has changed
since construction of the Bennett Dam has received much attention in recent years (for example:
Wolfe et al. 2006; Hugenholtz et al. 2009; Timoney 2009). Stratigraphic studies along the lower
Peace River, the lower Athabasca River, and within the Peace-Athabasca Delta (summarized in
Timoney 2013) have demonstrated that spring ice-jam flood frequency has varied widely over
the centuries. During Medieval times circa CE 1250, ice-jam flooding on the lower Peace River
was frequent (annual flood p ~ 0.1); in contrast, during the Little Ice Age (circa CE ~1300s to
1800s), ice-jam flood frequency was low (annual flood p ~ 0.03). In comparison, ice-jam
flooding during the Twentieth Century (annual flood p > 0.1) has been more frequent than at
most other times during the last millennium. The spring flood frequency of the lower Peace
River since regulation lies within the range of natural variability in flood frequency (Timoney
2013). The climatic and hydrologic reasons for these variations in flood frequency lie beyond the
scope of this study; interested readers may consult Edwards et al. (2008) and Wolfe et al. (2008)
among others. Although Beltaos (2014b) calculated that the probability of PAD ice jam flooding
has been affected by regulation, this was based on the assumption that regulation has had no
effect on break-up flows (Beltaos et al. 2006)*. However, the discharges during the 2014 event
described in this paper indicate the regulation has augmented break-up flows due to storage
release in a globally larger and deeper channel volume. In stream storage post regulation is a
significant source of additional discharge at break-up and is magnified by the storage release
break-up process.
The observations in 2014 indicate that the storage releases during the 2014 break-up from javes
played a key role in breaking up the ice cover in the Peace River PAD reach and ultimately
leading to the flooding of the PAD.
*Beltaos 2014a states the Ashton (2003 and 2013) increase in storage release discharge postregulation is not apparent in the Peace River at Peace Point gauge data. However, one would
not expect it show up in the hydrometric record because storage release during a dynamic
break-up is brief (one day or less as shown by numerical simulations) and difficult to measure by
standard Environment Canada gauging instrumentation since the ice is breaking up and steady
state rating curves do not apply. Storage release only needs to act momentarily to break-up the
ice cover to cause ice jam flooding of the PAD. The increase in post-regulation discharge
storage release would be further obscured in the hydrometric record by the reduction in the
available snowmelt run-off in the Smoky River Basin post regulation. Reduction of winter
precipitation since the Bennett Dam was built in the 1960s is illustrated by Beltaos et al. 2006
and hence the water available for snowmelt run-off to drive a dynamic break-up has been
decreasing from a large portion of the unregulated part of the Peace River basin over the last
several decades.

6. Concluding Remarks
Observations during the 2014 break-up showed that between Fort Vermilion and the PAD, the
break-up front travelled at approximately 300 km/day, indicating that a self-sustaining break-up
process must have occurred and therefore more water is released from channel storage than
previously thought. This large amount of water released from channel storage during the breakup process may compensate for the post regulation higher freeze-up levels that could have
potentially reduced ice jam flooding of the PAD. Such a possibility deserves further research due
to its large ecological implications.
Brief pauses in local break-up (such as evident at Peace Point) do not refute that the break-up
was self-sustaining since multiple break-up fronts were documented during the 2014
observations and the main break-up front had advanced past Peace Point at self-sustaining rates
as evidenced by the timing of the break-up at the Peace above Quatre Fourches gauge.
The differences in shape of the observed and simulated discharge hydrographs may not be
evidence that the 2014 observed break-up was not self-sustaining, or that significant storage
release was not happening, but may be explained by the effect of overbank storage, other
morphological river geometry or channel shape or perhaps by the more detailed physics at the
break-up front location that are simplified in the numerical world.
The base flow discharges during the 2014 break-up was augmented by regulation. Using storage
release magnification factors based on previous numerical studies indicates that augmented
storage release peak break-up flows during the 2014 event may have been enough to counteract
the effect of higher freeze-up stage on break-up resistance.
Although numerical work in rectangular channels described in previous studies has attempted to
quantify the storage release, there are a significant number of simplifications, approximations
and assumptions in these numerical studies and the results differ from the 2014 field data enough
that indicate improvements to the modelling are needed. Nevertheless, the self-sustaining nature
of the 2014 break-up indicates storage release over very long channel lengths is a real
phenomenon in nature as well as in the numerical world.
It cannot be determined at this time whether the self-sustaining nature of the 2014 break-up event
is rare, relative to other years when the PAD flooded. Detailed break-up data for the lengthy
reach of river upstream of the PAD are not available for past floods to be able to make this
determination. Prolonged self-sustaining break-up storage releases may be a requirement for
causing both pre and post regulation ice jam flooding of the PAD.
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Figure 1. Map of the Peace River and pertinent locations.

Figure 2. The Peace-Athabasca Delta.
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Figure 3a. Ice conditions on the Peace River based on aerial, satellite and ground observations.
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Figure 3b. Types of observations used to depict ice conditions in Figure 3a.
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Figure 4. a) Hourly Air Temperatures at Smoky River at Watino, Fort Vermilion and Fort Chipewyan April 1 to May 11, 2014.
b) Discharges of Peace River, Smoky River and Slave River Apr 1 to May 11, 2014. Ice affected or bad record removed or estimated.
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Figure 5. Water level elevation at Sunny Valley, Fort Vermilion and Peace Point April 1 to May 11, 2014.
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Figure 6. Looking downstream at the toe of the ice jam at km 830, just upstream of Fort
Vermilion on Apr 29.

Figure 7. Looking downstream at flooded field near km 867 on Apr 29, 2014, about 12 km
upstream of the downstream ice jam that can be seen in the distance.

a)

b)

Figure 8. River profiles of a) the two ice jams upstream and downstream of Fort Vermilion that
formed on Apr 26 and the remaining solid ice cover downstream. Both ice jams released on Apr
30, 2014, fragmenting more than 300 km of the downstream ice cover resulting in b) an ice jam
at the PAD on May 1, 2014 which was the start if a 10 day long flood of the PAD. For
illustrative purposes – not to scale.

Figure 9. MODIS image taken on April 29, 2014 shows all cloud free reaches between Vermilion Falls and the Slave River to have
intact ice except for a 1 km long reach 5 km upstream of Boyer Rapids (km 1115).
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Figure 13. Water level at the Peace River below Quatre Fourches Environment Canada gauge located at about km 1227 near Rocky
Point. The red line denotes when the photograph in Figure 14 was taken.

Figure 14. Looking upstream at Rocky Point from km 1230 to km 1226 showing extensive running ice on May 1, 2014 13:37 MDT.
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Figure 16. Looking downstream from km 1035 to km 1059 showing running ice on May 1, 2014
13:01 MDT.

Figure 17. Looking downstream from km 1161 to km 1180 showing running ice on May 1, 2014
13:29 MDT.

Figure 18. Looking upstream from km 1210 to km 1194 showing running ice on May 1, 2014
13:35 MDT. Carlson Landing lower right.

Figure 19. Looking upstream from km 1236 to km 1233 showing a rubble front hitting a
stationary ice sheet at km 1234 on May 1, 2014 13:38 MDT. This was an auxiliary break-up
front.

Figure 20. Primary Break-up front moving from the Peace River at km 1243 (right) into the
Slave River (left) on May 1, 2014 13:39 MDT. Rivière de Rochers upper right.

Figure 21. Looking north at Peace River break-up front (left) at km 1243 about to enter the
Slave River (top) on May 1, 2014 13:42 MDT. Rivière des Rochers (right).

Figure 22. Looking upstream at the toe of the ice jam on the Slave River on May 3, 2014 12:18
MDT. Peace-Slave- Rivière des Rochers Confluence in top of photograph.

Slave River
Quatre Fourches

Figure 23. RADARSAT-2 images of ice conditions on the Peace River at the PAD on April 30, May 4 and May 7, 2014. The
prototype ice cover condition maps are derived from RADARSAT-2 images by the Canada Centre of Remote Sensing of Natural
Resources Canada.

Figure 24. Looking north at the ice jam in the Quatre Fourches with flooded area (West Pushup Lake) on right on May 7, 2014 13:14
MDT. Peace River in top right.

