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ABSTRACT. There is a need to determine the maximum backwater staging possible from ice jam flooding along high flood risk prone
sections of northern rivers. Similar to the probable maximum flood PMF, which is primarily estimated for the most extreme open-water
floods, probable maximum floods from ice jamming PMFi. can provide upper thresholds of water level elevations so essential for
infrastructure designed in and along cold-region rivers. However, the processes for maximum ice-jam flooding are quite different from
those of extreme open-water floods which requires river ice processes to be incorporated into the calculation approach. This paper
presents a novel method for estimating the probable maximum staging from ice-jam floods. The method is based on the implementation
of a deterministic hydraulic model that mimics ice jam processes and is nested in a stochastic framework to carry out Monte-Carlo
simulations to randomise parameter and boundary condition value inputs for many hundreds of simulations. This stochastic approach
provides the frequency distributions of many of the boundary conditions used to force the river ice hydraulic model. The stochastic
modelling framework yields ensembles of backwater levels from which the maximum level provides an indication of the probable
maximum staging possible, the PMFice.

Keywords: Athabasca River, ice-jam flooding, probable maximum backwater staging, RIVICE, stage frequency distribution, stochastic

modelling.

1. Introduction

1.1. Stochasticity Modelling of River Ice Processes

River ice processes and flooding induced by ice jamming
during the ice cover breakup period in spring along many nor-
thern rivers is dictated by stochastic processes (White, 1999),
more so than open water flood events. This is illustrated using
the flow vs. water level graph in Figure 1. Whereas open water
discharge and water levels can be associated with a smooth
deterministic curve, backwater levels from ice accumulations
or the more severe ice jam events cannot. For this particular
gauge record between 1963 and 2010, the highest open-water
staging on record is 241.841 m a.s.l. for a discharge of 4,700
m?/s. Interestingly, ice jamming flood events can cause much
higher staging at less than half of the maximum recorded open-
water flood discharge. The maximum staging for the ice jam of
1997 attained a water level of 247 m a.s.l. for a discharge of
2,290 m?/s. In addition, staging from ice jam flood events can
be similar with substantial variations in the discharge. For exa-
mple, the three ice jam floods of 1977, 1989 and 1996 all attain-
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ed similar observed flood water levels, however the discharges
for the 1989 and 1977 events were approximately % and Y%, res-
pectively, of that of the 1996 event. Instead of a smooth fit, ice
jam events fall within an envelope, also shown in Figure 1.
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Figure 1. Flow vs. water levels for annual open water and ice
accumulated maximum water level elevations at the gauge
“Athabasca River below Fort McMurray” for the years 1963 ~
2010. Theoretical shape of envelope is adapted from Tuthill et
al. (1996).
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Since they are chaotic in nature, ice jamming events, as
with the open-water floods, can be fit with extreme value stage
frequency distributions, as shown in Figure 2 for the same data
provided in Figure 1. The reason for the stochasticity in the dis-
charge/water level relationship is that similar backwater level
profiles can occur through different water and ice flow condi-
tions leading to ice jamming including: (i) inflowing discharge,
(ii) volume of ice rubble forming the ice accumulation, (iii) lo-
cation of the ice jam toe and (iv) initial water and ice cover lev-
els prior to the jam. These are just a few examples of the differ-
ences that can occur which may lead to similar backwater stag-
ing. Lindenschmidt et al. (2016) shows different ice jam con-
figuration that can lead to the same T = 100-year flood levels
at a gauge along a river reach with reoccurring ice jam events.
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Figure 2. Stage frequency distributions established from the

data in Figure 1 for annual open water and ice accumulation/

jamming maximum water levels.

1.2. Stochastic Modelling of River Ice Processes

River ice models are useful tools to simulate ice jams and
subsequent flooding along rivers. For certain ice jam events,
when the boundary conditions are known, the parameters of the
model, which describe, for example certain characteristics of
the ice and transport mechanisms, can be calibrated to obtain
agreement between simulated and observed variables such as
backwater levels and ice jam extent. However, some of these
boundary conditions are difficult to predict, particularly the
volume of inflowing ice rubble and the location of the ice jam
toe. Some attempts have been made to determine the volume of
inflowing ice rubble equalling the:

length of the ice cover extending upstream of the ice
jam location, determined from ground observations
and remote sensing (Zhang et al., 2017);

x ice thicknesses measured through ground surveys or
remote sensing technique or simulated using a heat
budget model (Hosseini et al., 2017);

x  width of the river.
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However, the amount of ice ablation during the breakup
period is difficult to quantify leading to only an estimate of the
ice volumes available for jamming. The toe location can chan-
ge, as well, from event to event due to many factors influencing
the arrest of ice floes at a lodgement to form the jam, such as
different ice thicknesses along the ice cover prior to jamming
and geomorphological features such as the presence of islands
and sand bars.

One approach to capture the stochasticity is to embed a de-
terministic river ice model into a Monte-Carlo Analysis (MO-
CA) framework. The model simulations are repeated many
times within the framework with each simulation having a
different set of parameters and boundary condition values.
These many simulations yield ensembles of the output vari-
ables, such as backwater levels. Values can be extracted from
each ensemble at a particular river chainage, ideally at a gauge
location, to construct a frequency distribution from simulated
values. Comparison of this simulated frequency distribution
with distributions formed from observed values, such as in Fig-
ure 2, provides an opportunity to calibrate the stochastic mod-
elling framework and determine the distribution of boundary
condition values that are otherwise difficult or even impossible
to determine. Some frequency distributions can be determined
from available gauge data, such as inflowing discharges during
ice cover breakup or ice jam events. However, other frequency
distributions, such as inflowing rubble ice volume would need
to be adjusted until the frequency distributions of the simulated
backwater levels coincided with the stage frequency distribu-
tion established from observed water levels during past ice jam
events.

The first objective of this paper is to introduce a novel
methodology of calibrating a boundary condition frequency
distribution with a stochastic modelling framework. Calibrat-
ing the frequency distributions of the volume of ice forming ice
jams has been reported in Lindenschmidt et al. (2016); how-
ever, incorporating the calibration of the initial water levels
during the breakup period in the overall stochastic modelling
framework calibration is a novel extension to the methodology.
It is hoped that such a stochastic modelling approach could be
applied to other fields of hydrology where a strong stochastic
component in the process description is present, such as precip-
itation and antecedent soil moisture conditions in hydrological
modelling. The second objective is described in the next sub-
section.

1.3. Probable Maximum Ice-Jam Flood

The probable maximum flood (PMF) is defined by the
World Meteorological Organization as “the theoretical maxi-
mum flood that poses extremely serious threats to the flood
control of a given project in a design watershed” (WMO,
2009). An important input to the PMF is the probable maxi-
mum precipitation (PMP) also defined by the WMO as “the
greatest depth of precipitation for a given duration meteorolo-
gically possible for a design watershed or a given storm area at
a particular location at a particular time of year, with no allow-
ance made for long-term climatic trends” (WMO, 2009). The
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PMF is a useful value used to design critical infrastructure,
such as dams, spillways, dikes and other hydraulic structures,
whose failure could lead to extensive loss of life, damages and
negative impacts to society. Improvements have been made in
PMF estimations using modelling systems that couple hydrolo-
gical with hydraulic models, which can translate the largest
possible precipitation fields into overland runoff. The runoff is
then routed to determine the highest discharges and correspon-
ding water levels that may occur along a river (e.g., Lindensch-
midt et al., 2008; Felder et al., 2017). Not only are the characte-
ristics of the meteorological forcing functions to the modelling
systems considered (e.g., PMF), but also critical hydrological
conditions that cater to maximum runoff events are incorpora-
ted (e.g., high soil saturation). Some adjustment to the PMF va-
lue can be made by including the probability of dike breaches
(Vorogushyn et al., 2012), which diverts flood-water from the
river channel into the hinterlands.

Extremely high discharges of water and ice floes can lead
to extreme ice-jam events with subsequent backwater staging
and flooding. However, discharges excessively extreme will
produce forces on the ice jam too great for the jam to remain
stable leading to the collapse of the jam and a release of re-
tained ice and water to form a surge and potentially another jam
further downstream. This threshold across which an increment-
tal increase in the discharge of water and/or ice which can tran-
sition an ice jam from being a stable ice jam producing the most
extreme backwater staging to the collapse of the ice jam is
coined here as the probable maximum ice jam flood PMFic.. It
can be determined by extending the number of simulations of
the stochastic modelling framework, as described above for the
first objective, many hundreds or thousands of times until the
backwater staging values approach an asymptote to a poten-
tially maximum water level elevation. This is a novel concept
in ice-jam flood modelling and its presentation here fulfils the
second objective of this paper.

2. Study Site

The two objectives of this paper were reached by mod-
elling the ice hydraulics of the Athabasca River at Fort Mc-
Murray in Alberta, Canada, shown in Figure 3. This section of
the Athabasca River is very prone to ice jamming since (i) there
is a sharp decrease in river slope from the stretch upstream of
the bridges to the downstream reach, (ii) the lower sloping
reach is wider and has larger cross-sectional areas causing the
flow from the upstream reach to slow down substantially for
ice to accumulate and form jams; the bridge piers act as barriers
to potentially slow down ice floe movement, (iii) the low slop-
ing section is riddled with islands and sandbars that form barri-
ers to ice flow or are potential sites where ice can ground, (iv)
the Clearwater River tributary can be an additional source of
ice and water to promote and exacerbate ice jamming down-
stream of the confluence, and (v) the steeper reach upstream of
the bridges is dotted with rapids at which extra ice can be gener-
ated to form thick consolidated ice covers along the reach; the
additional ice can increase the ice volume of jams formed dow-
nstream in the Fort McMurray area.

model P
downstream (¢
boundary — %

Vi

Athabasca 2‘

gauge Vi \
N
& |
R
0
U C
bridges #E:bb N, o,
s, ey
/ - > '(P/I/e
model p\\\le‘/V y - 7 e
upstream 20252 : _ e
boundary NS g ¢
\ P S\eeﬁe/ Clearwater
7 = gauge

Figure 3. Athabasca River at Fort McMurray.

3. Methodology
3.1. RIVICE Model

RIVICE is a hydraulic river ice model that mimics impor-
tant ice processes both during river freeze-up and ice-cover
breakup (ECCC, 2013; Lindenschmidt, 2017a). RIVICE is a
one-dimensional model (variations in the longitudinal direc-
tion), hydrodynamic model that dynamically simulates the pro-
gression of ice-cover and ice-jam formation and collapse.
Hence, not only equilibrium jams but under-developed jams
(during the early phase of jam formation leading to an equilib-
rium jam) and over-shot jams (temporarily formed by a surge
of inflowing ice before collapsing to the morphology of an
equilibrium jam or smaller or completely flushing out the ice
from the jam location). The progression, shoving and collapse
of an ice cover or ice jam is determined by tracking the balance
of forces applied to the jam ice cover, which include (refer to
Figures 4 and 5):

- Thrust Fr, a force induced on the ice jam front due to
the impact of the water’s flow velocity against the ice-
jam front of thickness F'7,

- Drag Fp applied by the flowing water along the un-
derside of the ice cover,

- Weight F\ of the ice jam in the river slope direction.
These forces are countered by:

- Friction Fr between the ice jam cover and the river
banks parameterised by K/7A4N, the ratio of longitu-
dinal stresses along the ice cover shed laterally to-
wards the banks,

- Cohesion FC at the ice-cover/river bank interface, a
more prevalent feature during freeze-up jamming wh-
en the ice cover is more likely to freeze and adhere to
the river banks,

- Internal resistance F; parameterized by K2 which is the
proportion of longitudinal stresses along the jam being
transferred vertically along the jam’s thickness 4.
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Figure 4. Forces applied to an ice jam.

Porosity of the ice cover PC influences the extent of the
jam upstream from the inflowing ice volume in the form of ice
blocks or frazil pans with an average thickness ST and porosity
PS. Additional ice transport parameters include the amount of
ice eroded from the ice cover’s underside, should the average
flow velocity exceed a threshold ver, which can be deposited
further downstream along the ice-cover when a cross-section is
reached in which the flow velocity drops below another thresh-
old vaep. Flow is also influenced by the hydraulic roughness of
the river bed nwea = f(constant) and the ice cover nice = f(ice
thickness).

ice pans ST FT PC
or blocks

Figure 5. Parameters (normal font) and boundary conditions
(bold font) used to mimic ice processes in RIVICE.

Important boundary conditions are the upstream discharge
of water flowing into the model domain Q, the downstream wa-
ter level elevation W, the location of the ice-jam toe x and the
upstream volume of ice Vice flowing into the model domain. Vic.
can be inserted explicitly as a volume of ice per time step, whi-
ch is usually the case for ice floes broken up from upstream ice
covers during breakup, or be formed by frazil ice along the
open-water portion upstream of the ice-jam front when the wa-
ter temperature drops to 0 °C and the air temperature is free-
zing.

3.2. Monte-Carlo Framework
RIVICE was embedded in a Monte-Carlo Analysis (MO-
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CA) framework to carry out the stochastic modelling. Con-
ceptualizations of the framework are provided in Figures 6 and
7. A general description of the MOCA framework is given in
this paragraph. The following two paragraphs provide more
detail of the distinctions between the two figures, respectively,
stochastic modelling for (i) end of breakup to calibrate the fre-
quency distribution of the downstream water level boundary
condition and (ii) instantaneous maxima to determine the fre-
quency distribution of the inflowing rubble ice volume. The
framework allows the model simulations to be repeated many
100s of times with each simulation having a different set of pa-
rameter and boundary condition values. The values are rando-
mly selected from probability distributions. Where information
on the distribution type is unknown or unavailable, a uniform
distribution is used with the values varying within a range of
values that were compiled from other river ice modelling stu-
dies. Uniform distributions were generally applied to parameter
values. Boundary condition values were derived from gauge re-
cordings and the upstream flow boundary condition data gene-
rally follows an extreme value distribution. The Gumbel distri-
bution was used since it requires fitting only two factors, loca-
tion and scale, instead of three, which is the case for many other
distributions. The Gumbel distribution also lends itself well to
shorter time series which, in our case, were no longer than 37
years. The location of the ice jam toe follows a uniform distri-
bution since information on the toe location are sparse.

3.3. Calibrating the Downstream Water Level Distribution
at the End of Breakup

Figure 6 accompanies the following methodological de-
scription. The first MOCA fitting was carried out for the end of
the ice cover breakup periods. The flow recorded on the last B-
flag (“B”s often accompany flow data recorded in Canada to
indicate the presence or influence of an ice cover on the staging
recorded at a gauge) were compiled, to which a Gumbel dis-
tribution was fit, and was used as the upstream boundary con-
dition. A Gumbel distribution was also fit to the water level el-
evations recorded on the date of the beginning of freeze-up, the
first B-flag. However, the gauge is not located at the down-
stream boundary and the frequency distribution was shifted
down an amount corresponding to the drop in elevation along
the river slope proportional to the distance between the gauge
and the downstream boundary location. However, this can only
be an initial estimate of the distribution since the water level
and the ice cover are somewhat elevated from the freeze-up
levels during breakup (Lindenschmidt et al., 2012). Ice covers
usually break off from the river banks as they are lifting up
during the higher discharges from increased runoff throughout
the breakup period. The volume of ice is assumed to be zero,
since after the date of the last B-flag, the ice cover front will
have passed the gauge in the downstream direction and back-
water effects from downstream ice accumulations will be neg-
ligible. This provides an opportunity to calibrate the distribu-
tion of the downstream water level boundary. The model is run
37 times using a randomised set of parameters and boundary
condition values drawn from their corresponding distributions
to yield an ensemble of water level profiles. The stages at the
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gauge location are extracted from the ensemble to become the
plotting positions for the fitted “simulated” stage frequency
distributions, which is compared to the “observed” stage fre-
quency distribution of the stages recorded on the date immedi-
ately after the last B-flags.
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Figure 6. Conceptualisation of the Monte-Carlo Analysis mo-
delling framework to calibrate the frequency distribution of
the downstream water level boundary condition Was.

The above process is repeated several times to yield an en-
semble of simulated stage frequency distributions. If the ob-
served stage frequency does not reasonably fit within the sim-
ulated envelope of stage frequency distributions, the param-
eters, location and scale, of the input water level frequency dis-
tribution is adjusted and the process is repeated. The down-
stream water level distribution is deemed calibrated when the
observed stage frequency distribution coincides approximately
along the centre of the simulated stage frequency distribution
envelope.

3.4. Calibrating the Inflowing Volume of Ice Forming Ice
Jams

The next distribution to be calibrated is the volume of in-
flowing rubble ice that forms ice jams. Figure 7 provides a de-
piction of the following description of the Monte-Carlo ap-
proach. Here, a Gumbel distribution is also assumed, which is
supported by other studies (Lindenschmidt et al., 2016; Aal-
tonen and Huokuna, 2017). The distribution compiled from the
instantaneous maximum flows occurring during ice jam events
(37 events) served as the upstream boundary in the Monte
Carlo framework. The previously calibrated water level distri-
bution remains as the downstream boundary. An initial distri-
bution is assumed for the volume of inflowing ice. A set of 37
simulations are then carried out with parameters and boundary
condition values randomly chosen from their corresponding
distributions yielding an ensemble of 37 water level profiles.
The 37 water level values at the chainage of the gauge serve as

the plotting positions for the extreme value fitting. Again, the
process is repeated to yield an ensemble of simulated stage
frequency distributions. If there is a bias between the observed
and the median of the envelope of simulated stage frequency
distributions, the parameters of the input ice volume distri-
bution is adjusted and the analysis is repeated. The ice volume
distribution is considered calibrated when the observed stage
frequency distribution coincides reasonably well with the cen-
tre of the envelope of simulated stage frequency distributions.
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Figure 7. Conceptualisation of the Monte-Carlo Analysis
modelling framework to calibrate the frequency distribution
of inflowing volume of ice rubble Vic.
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Figure 8. Frequency distributions of the end-of-breakup flows
along the Athabasca and Clearwater rivers upstream of the
two river’s confluence.
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4. Model Data and Setup

4.1. Bathymetry

Cross-sections were available approximately every 1 km
along the Athabasca River with a higher density of cross-sec-
tions in the immediate vicinity of Fort McMurray. The cross-
sections provided the morphological input to the river hydrau-
lic model.
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Figure 9. Stage frequency distributions of maxima for ice-
jam, open water, end-of-breakup and start-of-freeze-up events.

4.2. Gauge Data

Water levels and flows are recorded at two gauges: Atha-
basca River below Fort McMurray (#07DA001), hereafter re-
ferred to as the Athabasca gauge, and Clearwater River at Drap-
er (#07CDO001), hereafter indicated as the Clearwater gauge.
The flow along the Athabasca River upstream of the bridges
was calculated as the difference between the two-gauge record-
ings. Flow frequency distributions of each at breakup are pro-
vided in Figure 8. There is only a weak correlation between all
the flows recorded at each gauge at the end of breakup (+* =
0.35) and no correlation for flows larger than approximately
1:10 year AEP (* = 0.01). Hence, it is reasonable to assume
that the two distributions are independent of each other.

Stage frequency distributions of the water level elevations
recorded at the Athabasca gauge are shown in Figure 9. In-
stantaneous maxima of the water level elevations were made
available for each ice-jam event by Water Survey of Canada.
Daily mean values suffice for the frequency distributions of the
water-level elevations at the end of breakup and beginning of
freeze-up. The open water frequency distribution, constructed
from the maximum day mean water level elevation value dur-
ing each open-water season, is provided as a reference, again
showing the greater extremity of ice-induced flooding over
open-water floods.
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The model was previously calibrated for a number of se-
vere ice-jam flood events, particularly 1977, 1978, 1979 and
1997 and the reader is referred to Lindenschmidt (2017a,
2017b) for the calibration and validation of the model.

5. Results and Discussions

5.1. Calibration of Frequency Distributions

Figure 10 (top panel) shows an ensemble of longitudinal
water level profiles from the Monte-Carlo analysis as concep-
tualized in Figure 6, in which the volume of ice remained zero
but an ice cover downstream of the gauge was still possible.
The initial water level elevation distribution of the downstream
boundary condition was assumed to follow the same pattern as
the freeze-up stage frequency distribution, only shifted down-
ward in elevation proportional to the river bed slope and the
distance downstream of the boundary condition from the gau-
ge. The frequency distribution of this downstream boundary
condition was then gradually shifted upward in elevation until
the simulated stage frequency distributions fit reasonably well
to the observed stage frequency distribution established from
the water levels recorded at the gauge during end-of-breakup
periods. The figure indicates the location of the gauge from
which the water level elevations were extracted to serve as
plotting positions to fit the simulated extreme value functions,
as shown in Figure 11. In a similar fashion the volume of in-
flowing ice distribution was calibrated until the simulated and
observed instantaneous maximum stage frequency distribu-
tions coincided (Figure 11, right panel).
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Figure 10. Ensemble of water level profiles for (a) end-of-
breakup and (b) ice jam scenarios.

The Monte-Carlo analyses were repeated to produce sev-
eral sets of water level profiles to produce ensembles of simu-
lated stage frequency distributions for both the end-of-breakup
and ice jam events, produced in Figure 12. The observed stage
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frequency distributions lie within the envelope of simulated
stage frequency distribution ensembles, verifying the distribu-
tions calibrated for the downstream water level boundary con-
dition and volume of inflowing ice.

(a) End-of-breakup stage frequency distributions
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Figure 11. Simulated and observed stage frequency distribu-
tions for (a) end-of-breakup and (b) ice jam scenarios. The
line and circles denote Gumbel and Gringorton distributions,
respectively.
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(b) Ice jam stage frequency distributions
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Figure 12. Observed and ensembles of simulated stage frequ-
ency distributions for (a) end-of-breakup and (b) ice jam sce-
narios.

The histogram of the volume of inflowing ice frequency
distribution is shown in Figure 13. The extreme value function
parameters, location and scale, equal 6.2 and 2.7 million m?, re-
spectively. The frequency distributions of the volume of ice can
also be substantiated by comparing to another study in which
the volume of ice was determined using a different methodol-
ogy. Using space-borne remote sensing optical data Zhang et
al. (2017) were able to determine the extent of the ice cover that
breakups and accumulates to cause ice jams in the Slave River
Delta in the Northwest Territories of Canada. Empirical rela-
tionships with air temperature allowed the thickening and abla-
tion of the ice cover to be estimated and, along with the width
of the ice cover, the ice volumes could be determined. A com-
parison of the distributions is provided in Figure 13.
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Figure 13. Histograms of the volumes of ice forming ice
accumulations and jams along the Athabasca River at Fort
McMurray (Alberta) and the Slave River Delta (Northwest
Territories).
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Figure 14. Staging due to ice accumulations (red points) com-
pared to maximum annual open water staging (blue dots and
line).
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5.2. Calculating the Probable Maximum Ice-Jam Staging

The ice accumulation and jamming simulations from the
MOCA framework were plotted with total discharge vs. back-
water staging at the Athabasca gauge in Figure 14. The figure
emphasizes the chaotic behavior of ice flooding on backwater
level elevations. It is interesting to note that the maximum wa-
ter level attained from all simulations, approximately 250.43 m
a.s.l., which is deemed the PMFi. in this case, occurs at a rela-
tively low flow.
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Figure 15. Weibull distribution of all backwater level eleva-
tions simulated at the Athabasca gauge.

All maximum backwater staging was also plotted as a
Weibull distribution in Figure 15. The maximum water level el-
evation PMFic. of approximately 250.43 m a.s.l. is deemed to
be the highest staging possible through ice jamming. The distri-
bution was constructed from results from approximately 1,776
model runs; further model runs may reveal a somewhat higher
PMFi. staging.

PMF is widely used as a design criterion for new dams and
other hydraulic structures as well as a security assessment for
existing dams and impounding structures to avoid devastating
floods and dam failures (Li et al., 2010). It currently serves as
the design standard for many dams in United States (Graham,
2000). However, in cold regions, floods induced by ice jams
are a significant challenge in which river ice processes also play
a key role. The complex hydro-meteorological and structural
processes that lead to ice jam formation, progression, and re-
lease are highly site specific (Beltaos, 2011). Furthermore,
historical data are not always available especially the peak ice-
influenced stages. Where peak discharges for ungauged loca-
tions may be estimated from nearby upstream or downstream
gauges, ice-induced stages cannot be meaningfully transposed
from other locations (Lindenschmidt et al., 2018). Neverthe-
less, several direct and indirect methods have been proposed in
the literature to estimate ice-affected stages and maximum pos-
sible stages (White and Beltaos, 2008). When ice jam stages
are available, graphical methods with Weibull plotting posi-
tions can be used. For instance, Beltaos (2011) estimated the
maximum possible stage for the Peace River at Peace Point
based on local morphology and historical data. In some cases,
historical ice jam stages may also be gathered from a mixture
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of sources with varying reliability (Gerard and Karpuk, 1979).

When historical data are not available, synthetic methods
are used (Beltaos, 2010). The synthetic method is an indirect
approach to develop a stage-frequency relationship based on
empirical observations or statistical and mathematical analyses
(White and Beltaos, 2008). If the amount of data is inadequate,
peak annual ice-affected conditions such as discharge, ice
thickness and jam locations, are fed into the hydraulic models
to estimate maximum ice-affected stages (Tuthill et al., 2003).
Noting that empirical evidence does not support the assumption
of discrete stage outcomes, Beltaos (2012) proposed a new syn-
thetic method called the distributed-function method in which
peak stage can take on any value between discharge-dependent
upper and lower envelopes. However, all proposed indirect
methods suffer from errors associated with extrapolation at the
upper end (White and Beltaos, 2008).

Computational estimates can easily exceed bankfull con-
ditions but in reality, water and ice will escape from the main
channel and spread out onto the floodplain. This imposes a
practical limit on the maximum probable ice-affected stage
regardless of the magnitude of the flow (White and Beltaos,
2008). When a certain flow threshold is exceeded, ice jams be-
come unstable and release reverting to open-water conditions
(Beltaos, 2008). In the Athabasca River along the Fort Mc-
Murray, the flood water level is 246.8 m a.s.1. Above this level,
the low-lying areas along the left bank of the Clearwater River
gets flooded (Sun and Trevor, 2018). Thus, the estimation of
PMFic. to be approximately 250.43 m a.s.l. is reasonable.

This threshold, PMFic. can serve as an important bench-
mark, not only for design purposes for areas prone to ice jam-
ming but also for floodplain delineations. Our method provides
an advantage over existing methods as it is stochastic in nature
and the maximum probable stage is generated from hundreds
of possible ice-jamming simulations. Where open water dis-
charges and water levels can be associated with a smooth de-
terministic curve, backwater levels from ice accumulations or
the more severe ice jam events require stochastic approaches
(Lindenschmidt, 2016).

The major usefulness of PMFi. will be its application in
the design purposes of hydraulic infrastructures in cold regions
where previous experiences have shown that designs based on
100-year floods or open-water PMF are not adequate for flood
protection. For instance, the town of the Peace River in western
Canada relies on a dike system for protection against floods.
After an extreme flood event (with peak flow of 15,600 m>/s)
in 1972, the dike was raised in 1974 to protect against a design
flow of 17,839 m?/s. In 1981, the dike crests were further raised
by 1 ~ 1.2 m after the annual exceedance probability of 1:100-
year open water flood was calculated to be 20,133 m3/s. How-
ever, a major open-water flood occurred in 1990. In 1992, when
ice-jam flooding again overtopped the town’s dikes, an addi-
tional 0.5 m of freeboard was added to the existing dikes based
on the revised design discharge of 21,200 m?/s. But the dikes
were again overtopped and bypassed at several locations in the
town when an ice-jam flood event occurred in 1997 near the
Heart River Bridge. As a result, an additional flood wall was
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built and the height of bridge was raised in 1999 (Bekevich,
1990). This was the last of the structural flood control measures
implemented. Lindenschmidt et al. (2016) note that even cur-
rent dike crest elevations are not designed based on ice-jam
flood events that can result in significantly higher water levels
than open water floods. Thus, PMFi.. offers a proactive design
approach to minimize flood risk and reduce damage related
costs. Furthermore, designing the structures based on PMFic.
also avoids the problem of extrapolating short-term records
(Lawford et al., 1995).

6. Conclusions

An approach is presented to determine the maximum pos-
sible backwater staging that would occur at a location along a
river due to ice jamming, coined here as the probable maximum
ice-jam flood PMFi.. To the authors’ knowledge, this is the
first published attempt to quantify such a flood level. The ice-
jam flood risk prone area along the Athabasca River at Fort Mc-
Murray was chosen as a test site, but the method is easily trans-
ferable to other cold-regions rivers. The method requires the
calibration of frequency distributions of two boundary condi-
tions, downstream water level elevation and inflowing volume
of ice constituting the ice jams, to be calibrated by comparing
simulated stage frequency distributions at the end of breakup
and during ice-jam events with those constructed from observ-
ed stage levels. The distributions obtained for the volume of
jam ice compare well with ice volumes obtained in other stud-
ies. We believe, this method of calculating PMFi.. will be ex-
tremely useful for planners and engineers who wish to follow a
more “proactive” design procedure of flood mitigation infra-
structure, in which an upper threshold can better guide design
requirements instead of a “reactive” design procedure in which
infrastructure are remedied to only exceed flood levels and ex-
tents from the previous flood events.
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