CGU HS Committee on River Ice Processes and the Environment
16th Workshop on River Ice
Winnipeg, Manitoba, September 18 – 22, 2011

Modeling of Anchor Ice and Aufeis Formation at Sundance Rapids
Jarrod Malenchak
Manitoba Hydro
360 Portage Ave. (15), P.O. Box 815, Stn Main, Winnipeg, MB R3C 2P4, CANADA
jmalenchak@hydro.mb.ca
John Doering
Department of Civil Engineering, University of Manitoba
15 Gillson St., Winnipeg, MB R3T 5V6, CANADA
Jay_Doering@umanitoba.ca
Hung Tao Shen
Clarkson University
Department of Civil and Environmental Engineering, Clarkson University
8 Clarkson Ave., Potsdam, New York 13699, USA
htshen@clarkson.edu
The Limestone Generating Station is located on the lower Nelson River
approximately 775 km northeast of Winnipeg, Manitoba, Canada. Downstream of
the station, the characteristics of the flow regime and the nature of the river bed
geometry provide ideal conditions for very dynamic ice formations to evolve each
winter. Specifically, about 3.25 km downstream of the station is Sundance
Rapids, a large anchor ice/aufeis dam forms at this location every winter which
constricts the flow through the rapids and causes water level staging at the tailrace
of the plant in the order of 1-3 m each winter. The operational and financial
implications of these river ice processes have been well documented in previous
papers.
A coupled anchor ice and aufeis sub-model to simulate the unique ice processes at
Sundance Rapids is developed and applied in this paper. Incorporated into the
model will be detailed thermal heat budget calculations, anchor ice growth and
release processes, and aufeis processes using a linearized thermal ice growth
approach. Specialized dry bed treatment needed to be incorporated into the model
given the nature of the bed geometry and flow conditions downstream of the
generating station. The simulated ice conditions, specifically the size and location
of the ice dam as well as the water level staging at the Limestone station, will be
compared to field observations for a number of winter seasons.
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1. Introduction
The Limestone Generating Station (GS) is located on the Nelson River about 775 km north of
Winnipeg, Manitoba, Canada (Figure 1.1). It is currently the largest generating station in
Manitoba Hydro’s system with an installed capacity of 1340 MW. Approximately 3.25
kilometers downstream of the plant is Sundance Rapids. The cyclic nature of the flow through
the station coupled with the unique bed geometry found at the rapids makes this an ideal location
for large quantities of anchor ice to form each winter. The anchor ice at the rapids usually grows
to a level where an ice dam forms across the entire width of the river leaving only a few channels
open. An example of one such ice dam is shown in Figure 1.1. Since the ice dam forms only
about 3 km away from the generating station, this restriction of flow causes staging to develop at
the station’s tailrace. While the initiation of anchor ice is largely governed by the meteorological
conditions at the site, the first staging effects are often realized in early December, peak in midFebruary, and typically last until the end of March. The levels of staging measured at the tailrace
are frequently around 1.0 to 1.5 m but have been measured as high as 3.0 m over the normal
open water tailrace levels. The staging effects realized at the tailrace of the Limestone station
impact the ability to produce electricity and therefore have both operational and financial
implications for Manitoba Hydro.
Field monitoring programs at this location began in the winter of 1991-92 and largely consisted
of water levels and aerial photos of the ice dam formation at Sundance Rapids. The data
collected since 1991 has shown that the anchor ice accumulations and ice dam formations have
been relatively consistent in nature and extent each year, in spite of the variability in hydrologic
and meteorological conditions from year to year (Girling and Groeneveld, 1999). Collectively,
the field observations provided valuable information regarding the principle ice processes
contributing to the anchor ice / aufeis dam at Sundance Rapids and the subsequent effects
realized at the Limestone GS. Girling and Groeneveld (1999) provided the following detailed
description of the complicated ice dam formation and evolution process:


Frazil ice formation in the reach between the Limestone station and Sundance Rapids is
the dominant process in the ice accumulation process.



This highly turbulent reach provides an ideal environment for the formation of active
frazil flocs which are largely still suspended in the flow and have not yet accumulated
into large frazil pans on the surface yet. The accumulation of active frazil flocs on
shallow rock outcrops forms the initial blanket of anchor ice.



The subsequent flow cycling at the Limestone station causes shallow overtopping of the
rock outcrops and the established ice accumulations in the rapids. This will cause an
additional accretion as a form of aufeis growth that over time, and many cycles, creates a
significant blockage. It was observed that this growth may initially be cyclical, with
periods of growth followed by periods of decay and collapse. The ice dam then continues
to grow through a combination of aufeis growth and the accretion of suspended frazil ice.

As the ice dam thickens, the flow is redistributed across the channel causing localized high flow
locations where the majority of the flow is conveyed. The locations of these high flow channels
in the ice dam are relatively consistent from year to year.
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Figure 1.1 – Location of Sundance Rapids and a typical ice dam (top right).
Since the Limestone GS was commissioned in 1993, an almost continuous record of flow
through the station and water level in the tailrace has been generated. Using this hydrometric
data, weather data from the Gillam airport weather station, and a one-dimensional HEC-RAS
model for the reach of the Nelson River from the Limestone station to Hudson Bay, the effects of
the ice dam at Sundance Rapids was quantified for the 13 winters from 1993/94 to 2005/06. The
HEC-RAS model was used to generate a time series of “ice-free” water levels at the Limestone
tailrace to help quantify the staging effects each winter.
An analysis was conducted on the staging parameters (maximum staging and cumulative staging)
and other hydraulic and meteorological parameters (average discharge, amount of flow cycling,
and freezing degree-days). No significant trends were apparent between the levels of staging and
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the other parameters evaluated. Over the 1996-97 winter, a large amount of tailrace staging
corresponded to one of the coldest winters but this relationship did not hold true for the rest of
the years. In 2004-05, a large amount of tailrace staging corresponded to a high discharge winter
and in 1998-99 a relatively small amount of tailrace staging corresponded to a low discharge
with high cycling. These trends again, did not hold true for the rest of the years in the 13 season
dataset. Only a small amount of positive correlation (Correlation Coefficient = Corr) was
observed between the cumulative staging parameter and the average discharge (Corr = 0.24) as
well as the cumulative staging parameter and the freezing degree-days over the winter (Corr =
0.31). The absence of any strong correlation between the anchor ice dam effects and the driving
parameters highlights the dynamic nature of the anchor ice / aufeis dam at Sundance Rapids and
some of the challenges present when trying to model the process numerically.
2. Numerical Model
A coupled sub-model of anchor ice and aufeis growth and evolution was developed for the
CRISSP2D model in this study (Liu and Shen, 2005). Aside from the specific anchor ice and
aufeis model components, this model also included developments in the dry bed treatment and
additions to the detailed thermal budget calculation model. The model as described below will be
utilized on the finite element nodes whenever the nodes are classified as “wet” to describe
anchor ice formation, evolution, and release. This is typically whenever the water surface
elevation is above the bed level (including any previous anchor ice growth). For the case when
the finite element nodes become “dry”, the anchor ice calculations are no longer carried out in
the model and the aufeis growth model is activated (section 2.2).
2.1 Anchor Ice Growth Model
The simplified analytical formulation developed by Shen and Wang (1993) is the basis for the
anchor ice sub-model and is expanded on in the current model. Here, the formation of anchor ice
is assumed to be initiated by the attachment of frazil crystals to the bed material in supercooled
water. This accretion of frazil crystals is further assumed to begin at the theoretical bed level of
0.2ds below the crown of the semispherical bed material having a nominal diameter ds. In this
model, the growth of anchor ice is considered to be due to the turbulent heat exchange between
the supercooled river water and the bottom ice as well as due to the continued accretion of frazil
ice. Considerations to account for the heat transfer due to the absorption of solar radiation by the
existing anchor ice layer is also included in the model and can be significant under shallow water
conditions. The rate of growth and decay of the anchor ice thickness is calculated by

(   pz )
1
dhan

[ Cv  wi
],
1  ea
i Li
dt

[1]

where dhan/dt is the growth rate of the top surface of anchor ice, ea is the porosity of the growing
anchor ice, Φwi is the heat flux from the ice to the flow, Φpz is the heat flux due to absorbed solar
radiation by the ice layer, Cv is the depth averaged frazil ice concentration, γ is the frazil ice
accretion rate to the bed, with ρi and Li being the density and latent heat of ice, respectively.
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In order to calculate the amount of solar radiation reaching and being absorbed by the anchor ice
layer (φpz), a modified version of the Beer’s or Bouguer-Lambert exponential law (Bolsenga,
1978) is employed in the model to calculate the exponential decay of solar radiation as it passes
through the water column and ice layers. For these calculations the river column is divided into 3
layers: 1) surface ice layer (if present), 2) water layer, and 3) bottom ice layer. The solar
extinction parameters for the Lower Nelson River water are 2.79 m-1, 0.85, and 0.6 m, for the
extinction coefficient for water (εw), linear decay coefficient (βR), and the depth over which βR is
calculated (Dext), respectively (Tetres, 2004). The bulk extinction coefficient (εi) can vary greatly
due to the range in ice properties and the inconsistencies in the ice layers themselves. This
coefficient can vary from 0.6 m-1 for clear ice (Bolsenga, 1978) to a range of 10 to 25 m-1 for
snow covered cloudy ice (Ashton, 1980). The bulk extinction coefficient used for the surface and
anchor ice is 22 m-1 in the current model.
In the current model, the frazil accretion rate is set to zero (γ = 0) when the water temperature
rises above 0°C. For this condition the suspended frazil is no longer in the “active” state and will
not accumulate on the river bottom. The accretion rate parameter is also set to zero when the
river surface is covered by an ice cover (border ice or a parcel ice cover) and when the shear
velocity at the bed (U*), including the effects of surface ice if present, is either less than U*min or
greater than U*max. A U* < U*min implies there isn’t enough turbulent mixing in the flow to bring
frazil particles into contact with the bed and a U* > U*max implies the shear strength of the flow
is too high for particles to attach directly to the bed. Under these conditions the growth of the
anchor ice layer will be primarily due to the turbulent heat exchange between the ice and the
supercooled water.
The anchor ice will not completely fill the voids between the bed particles and as such, a channel
of substrate flow will form on the underside of the anchor ice. This substrate flow can contribute
to the melting or growth of the bottom surface of the anchor ice (measured relative to the
centerline of the first layer of bed particles) by

dhsb
1
[hiws (Tw  Tm )  R 3 ] ,

dt
(1  ea )i Li

[2]

where dhsb/dt is the growth rate of bottom surface of anchor ice, ΦR3 is the short wave radiation
reaching the bed material, hiws is the heat exchange coefficient between the anchor ice and the
substrate flow, with Tw and Tm being the water temperature and the melting temperature of ice,
respectively.
The release of anchor ice is a very important but complicated process that has both thermal and
mechanical components, both of which are considered in the current model. The anchor ice is
assumed to release thermally when the substrate flow erodes the under-surface of the ice to a
level of 0.4*ds above the centerline of the bed material. This thermal release mechanism is
somewhat analogous to the bond strength formulation proposed by Tsang (1988) in that as the
bottom surface of the anchor ice grows downward it is effectively building up a form of bond
strength that can subsequently be thermally eroded prior to release.
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The anchor ice can also be mechanically detached from the bed. This occurs when the buoyant
force of the anchor ice overcomes the submerged weight and particle cohesion of the bed
particles combined.
2.2 Aufeis Growth Model
Generally, anchor ice will have some initial porosity (denoted as ea above) and when this anchor
ice is exposed to the atmosphere (i.e., when the location is “dry”) a solid crust will begin to form
on the surface as a form of aufeis growth. This aufeis layer will thicken using a similar method to
the growth of a solid ice cover downward through a porous ice layer. A linear formulation of the
heat exchange at the air-ice interface is

T  ia  hia (Ts  Ta )   pz ,

[3]

where ΦT is the net heat exchange to the atmosphere from the ice layer, Φpz is the net heat flux
due to absorbed solar radiation by the ice layer, Ts and Ta are the ice surface and air
temperatures, respectively, and αia , hia are linear coefficients that can be derived from the
complete heat exchange process. In this study, αia and hia are 50 W/m2 and 12.2 W/m2ºC
respectively. By neglecting internal heating of the ice layers and therefore assuming a linear
temperature gradient across the layers, the steady state heat flux across each layer in the ice
cover will be the same. Employing the above assumptions, Shen and Lal (1986) showed that
solid ice thickness growth downward through a porous layer (with porosity ea), and considering
the effects of a multi-layer formation, can be expressed as





dhi
1  ia  hia (Tm  Ta )   pz
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 hia  h  k  k  k 

s
whi
i 
  ia


[4]

where hi and ki are the thickness and thermal conductivity of solid black ice with similar
parameters for white ice (subscript whi) and snow (subscript s). The other parameters in the
formula are as defined previously.
Under natural conditions, this growth of the aufeis layer will strengthen the anchor ice deposit
through continued growth of the underside of the aufeis layer. This will progressively reduce the
overall porosity of the anchor ice/aufeis deposit using a simple weighted average formula with
the porosity of the aufeis layer being 0. The decrease in the bulk porosity due to aufeis growth
can affect the eventual release of the anchor/aufeis in a couple of ways. The first is to increase
the buoyant force on the ice once it is flooded again and the second will be to effectively reduce
the rate the undersurface is eroded, which in some ways helps to capture the “strengthening” that
occurs when aufeis growth occurs. The anchor ice/aufeis deposit that has been exposed to the
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atmosphere at Sundance Rapids has been observed to be significantly stronger than an anchor ice
growth that has not been exposed. This stronger deposit will conceivably require more thermal
heat transfer from solar radiation and/or warm water in order to release.
This aufeis layer will continue to grow downward until the ice growth is flooded with water, and
the anchor ice calculations take over again, or when a limiting thickness is reached. The
specification of a limiting thickness is partially due to the fact that aufeis growths are typically
layered. With the thickness of the layers being a function of many factors (Hu et al., 1999)
including heat transfer, riverbed topography, and the nature of the water source (groundwater,
overflow, etc.). In this model, the limiting aufeis layer thickness will be a user defined parameter.
Hu et al. (1999) observed icing (or aufeis) layer thicknesses in the north-central Yukon Territory
(Canada) between 2 and 8.1 cm. Since each aufeis layer will typically overlay a relatively porous
anchor ice growth below, water will eventually drain away as the surrounding water level drops
and thereby help to limit the layer thickness. In locations where the spatial extent of the aufeis
formation is large and/or the surrounding geometry will not allow the water to drain away, the
thickness of a single aufeis layer may be larger.
As the aufeis layer is thickened, snow may deposit on the surface. This snow will absorb some
moisture from the surrounding open water areas as it approaches the river surface and will likely
be quite dense once deposited. This snowfall will insulate the ice layer and slow the growth of
the aufeis layer downward. If supercooled conditions exist when the aufeis layer is flooded
again, this snow thickness is added to the total thickness of the anchor ice/aufeis growth as a
layer of white ice. This is done because once the already cold, dense, and moisture rich snow
deposit is saturated with supercooled water, it will gain enough strength very quickly to avoid
being washed away by the overflow. It is expected that for cases where large amounts of snow
has fallen between periods of flooding and when the areal extent of the aufeis growth is quite
large, some of this deposited snow may be washed away as the water flows overtop.
Nonetheless, there does exist the potential for large amounts of this snow layer to be solidified
enough to contribute significantly to the total thickness of the aufeis/anchor ice growth. This is
especially the case when the aufeis layer is flooded gradually over a period of time and the
deposited snow is allowed to absorb some water through capillary action and then solidify. It has
also been observed in nature that the very cold air temperatures common in northern climates
cause water flowing over existing ice to freeze quickly and in relatively short distances (Schohl
and Ettema, 1990). If supercooled conditions do not exist when the aufeis layer is flooded, the
deposited snow is assumed to be washed away by the relatively warm water and is not added to
the anchor ice/aufeis growth thickness.
The bottom surface of the anchor ice growth will continue to grow downward (or decay upward)
at this time in much the same manner as described in the section above (using equation 2). This
growth (or decay) will continue as long as the water surface elevation surrounding the
aufeis/anchor ice growth is greater than the bed elevation. The porous nature of the anchor ice
near the bed material will allow for the continued action of the water on the undersurface of the
ice deposit. The continuation of this process is especially important in the release mechanisms,
which are carried through as described in section 2.1.
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3. Sundance Rapids Case Study Results
The model domain extends from the Limestone Generating Station along the Nelson River
approximately 4.5 kilometers downstream. The domain was divided into 6 different sub-domains
to allow for variation in the model parameters throughout the calibration process and during the
model runs. The hourly flow through the Limestone Station was specified as the single upstream
boundary to the model and an elevation boundary was specified using a rating curve for the
downstream end of the model as the outflow boundary.
The numerical model was hydrodynamically calibrated and verified for open water conditions
using weekly data sets from August to September, 2006. The flow range during these periods
was from 412 cms (one-unit operation) to 4289 cms (ten-unit operation). The simulated water
levels match very well with measured values and to developed rating curves over most of the
flow range. During the low flow cycles, the differences between the measured and simulated
values approach 0.2-0.3 m which is acceptable given the complex nature of the hydraulic
conditions in this reach and that the simulated water levels actually match better with established
rating curves than with the measured data at times.
3.1 Season Ice Simulations
In order to capture the complete ice dam formation process at Sundance Rapids it is necessary to
conduct entire season simulations, typically from sometime in November (when daily air
temperatures drop consistently below 0 ºC) to around the end of March. A selection of 6 winter
seasons were chosen to represent the range of conditions expected to influence the formation of
the ice dam at Sundance Rapids as well as the range of Limestone GS tailrace staging due to the
ice dam itself. This includes high (2005-06) and low (2003-04) flow winters, cold (1995-96) and
warm (1999-00) winters (relatively speaking), and low (2005-06) and high (2001-02) amounts of
cycling over the winter.
The ability of the model to simulate the ice dam formation over the entire winter will be
evaluated. To this end, the measured tailrace water levels at the Limestone GS will be compared
to the simulated water levels at the upstream end of the model as the anchor ice / aufeis dam
forms throughout the winter. As well, the ability of the model to replicate 3 specific quantities
will be evaluated. These quantities include the maximum amount of staging realized throughout
the winter, the cumulative amount of staging over the winter, and the cumulative Megawatthours (MWh) lost throughout the season. This will give a representation of how well the model
performs from a higher level perspective which is appropriate given the majority of the
comparison will be made with the tailrace levels about 3 km upstream of the ice dam formation
and that the variability in the ice dam effects is quite large.
The inflow water temperature at the upstream end of the model was specified as 0.02 ºC and was
constant throughout the winter provided the forebay had a stable ice cover. This inflow water
temperature was based on a set of measurements taken in the tailrace of the Limestone GS and is
a reasonable value given that the reservoir water temperature has been measured to be even
closer to 0 ºC and only a small amount of heat will be added to the water as it passes through the
generating units.
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All 6 seasons of interest were each run under a “low”, “medium”, and a “high” ice dam
formation scenario for a total of 18 season simulations. Within these scenarios, the model
parameters most influential to the formation and evolution of the ice dam were adjusted
consistently across the 6 different seasons for direct comparison as a set of simulations. The
relative amounts that the parameters were adjusted were in response to the analysis of previous
simulations. These parameters included the accretion rate of suspended frazil to the bed material
(γ), the bed particle diameter (ds), the bed particle cohesion (cohb) and the maximum thickness of
a single aufeis layer (haufmax). γ and haufmax were mostly used to control the ice dam formation
rates with higher values resulting in increased anchor ice growth rate and increased aufeis layer
thickness, respectively. While ds and cohb helped to simulate the decay and release of the ice dam
in the spring as well as limit the ice growth at certain locations. Higher values of cohb can limit
the mechanical release of anchor ice while ds can be used to adjust the thermal release properties
of the anchor ice at certain locations with lower values of ds resulting in earlier thermal release of
anchor ice. Typically, the bedrock outcrops were specified as having a small ds but a very large
cohb and the gravel bed locations had higher values of ds but little to no particle cohesion was
specified. The bedrock outcrops also had the highest values of γ specified as it was observed that
most frazil accretion occurred in these areas.
The range of values for the parameters used in each of the three scenarios is listed in Table 3.1.
Given the very dynamic nature of the ice dam formation and the range of conditions observed in
the field, it is expected that some seasons will fit better under the “low” formation scenario while
others will be more accurately represented by the “medium” or “high” formation scenario.
Table 3.1 – Range of parameters significant to ice dam formation.
Parameter

Low

Medium

High

1 x 10-6 –

1 x 10-6 –

1 x 10-6 –

6 x 10-5

1 x 10-4

2 x 10-4

ds (m)

0.005 – 0.05

0.005 – 0.04

0.005 –
0.025

cohb (N/m2)

0 - 2000

0 - 3000

0 - 3000

haufmax (m)

0.05

0.06

0.07

γ (m/s)

As mentioned near the beginning of section 3.1, the ability of the model to capture the three
higher level parameters used to represent the impacts of the ice dam on the tailrace levels
throughout the winter was assessed. The plots in Figure 3.1 show the simulated quantities plotted
versus the measured data for all seasons and all scenarios. It is clear that collectively, the
medium ice growth scenario captures the cumulative staging and MWh’s lost more accurately
and the high ice growth scenario better represents the maximum staging levels for the collection
of seasons simulated. When considering the complete season results, the low and medium ice
growth scenarios were chosen to best represent one season each (2003-04 and 2001-02
respectively) and the high ice growth scenario was chosen to best represent the other four
seasons.
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Figure 3.1 - Cumulative tailrace staging (top), maximum tailrace staging (middle), and MWh lost
(bottom) for all scenarios.
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The relatively higher cumulative values in all scenarios can be attributed to lower amounts of
variation in the simulated staging values and therefore would cause the area under the plots to be
greater. Three statistical parameters will be used to numerically quantify the goodness-of-fit of
these simulated datasets to the measured values. The parameters include the maximum error
(simulated vs. measured), the root mean squared error (RMSE), and the coefficient of variation
of the RMSE (CV(RMSE)). CV(RMSE) is simply the RMSE normalized by the measured
dataset mean. The results of the statistical parameters are summarized in Table 5.2.
Table 3.2 – Statistical parameters used to evaluate scenario simulations.
Quantity

Cumulative
Megawatt-Hours
(MWh)

Cumulative
Staging (m)

Maximum Staging
(m)

Statistical
Parameter

Low
Scenario

Medium
Scenario

High
Scenario

Maximum Error

61496

33085

60964

RMSE

47251

24465

42961

CV(RMSE)

0.791

0.410

0.719

Maximum Error

2018

1846

2379

RMSE

1403

986

1694

CV(RMSE)

0.809

0.499

0.889

Maximum Error

2.685

1.979

0.945

RMSE

1.613

0.993

0.526

CV(RMSE)

0.736

0.517

0.264

The model was able to best represent the tailrace staging and ice dam conditions for seasons
2001-02 and 2003-04 which had low to medium amounts of overall staging. In these seasons, the
peak water levels themselves are simulated very well and to a slightly smaller degree so are the
low water levels (Figure 3.2). For the seasons with higher levels of staging, the model deviations
from the measured values become a little more noticeable especially during the low flow cycles.
The relative staging simulated for the 2003-04 season is plotted with the measured staging values
in Figure 3.3. One thing that is apparent from the plots of tailrace staging is that the measured
staging values have significantly more variation throughout the winter. It is not uncommon for a
staging variation of around 1.0 m in the same day or the next day. These variations are partially
due to the timing of the measured cycles when compared to the simulated “open-water” levels.
The measured values will naturally have more variability when compared directly to the smooth
simulated cycles from the model. The simulated staging will also never have a value below 0
which is because the lowest values that could be simulated at a given point in time would be the
completely ice free condition so it will not be possible to capture in the model the negative
relative staging values often seen in the measured data.
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Figure 3.2 - 2003-04 tailrace water level comparison (low scenario).

Figure 3.3 - 2003-04 tailrace staging comparison (low scenario).
While the peak water levels are often adequately represented in the model, the low water levels
are often not captured as well. The simulated water levels during the low flow cycles are
typically higher than the measured values at the same time, especially when significant ice dam
formations are present. This can be partially attributed to the fact that while the model tracks a
porosity of the anchor ice and ice dam, once the ice accumulation creates a dry node condition
there is no flow passing through that node in the model. It is expected that in the natural
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condition, the ice dam would have some residual porosity especially near the bed material which
could pass some flow throughout the winter. Small channels between the rock outcrops could
remain open even with large amounts of solid ice dam above it. This effect would also be more
prominent in cases where the ice dam begins as an anchor ice formation that transitions into an
aufeis process later in the season. For seasons with very low flow (2003-04) or large amounts of
cycling coupled with a low to mid-range average discharge (2001-02), this effect could be less
significant because the dominant process in the ice dam formation is likely aufeis from a very
early point in the season. The porosity near the bed would then be minimized and the relative
amounts of conveyance not being accounted for in the model would be less so the low water
levels are more accurately captured. This effect on the low water levels would also contribute
significantly to the larger variations observed in the measured data.
Also tied to the above characteristic of the ice dam is the fact that the observed tailrace staging
decreases quicker than what is simulated in the model. Adjustments to the model parameters help
to trigger some release at the appropriate time but the model does not de-stage quick enough
when compared to the measured values. A possible contributor to this quick release could be the
higher volumes of substrate flow discussed above and another is evident in the heat transfer plots
for each of the seasons. As a whole, it seems significant decay of the ice dam and the tailrace
staging often begins to occur whenever the level of heat transfer (loss) goes below 100 W/m2. In
the model, since the inflow water temperature is 0.02 ºC, it does not take much heat loss to
continue to have supercooled conditions at Sundance Rapids. This could signify that the
theoretical heat transfer calculations slightly overestimate the amount of heat loss in this
particular reach or, the bond strength of the ice dam to the bed material is weakened even under a
reduced level of supercooling and not necessarily only under positive water temperatures. The
contribution of even a small bed heat flux could also potentially be enough to weaken the bond at
the bed material and lead to the thermal release of these large quantities of ice. This is consistent
with field observations of anchor ice that have shown that anchor ice can grow quite quickly on a
single cold night and then partially or completely release the following day when air
temperatures rise slightly or solar radiation reaches the anchor ice. The impact of the significant
hydraulic drag forces present once the ice dam formation is significant will also contribute to the
rather sudden decay of this ice dam once it begins to weaken in the spring. Given all the
contributions outlined above, it is not surprising that the measured tailrace staging levels show
higher amounts of variation.
Figure 3.4 illustrates graphically the ability of the model to simulate the properties of the ice dam
for the 2003-04 season including ice thickness, dry bed locations, ice dam porosity, and bed
shear velocity contours. Other observations from Figure 3.4 is the ice dam thickness range which
is between 2 and 3 m (up to 3 m to 5 m for the highest growth seasons), with larger thicknesses
found on the south side of the rapids where the majority of the flow initially passes. The dry
node locations are relatively consistent from year to year and match up quite well with observed
ice dam locations. A range of porosities are found at the modeled ice dam locations but the
existence of porosities close to 0 are found more commonly where aufeis is the dominant growth
mechanism from early on in the winter season. This would lead to a strong ice dam which is able
to withstand larger hydraulic forces. The modeled ice dam porosities and the ice dam thicknesses
during the higher flow seasons (2000-01 and 2005-06) are the highest because the ice dam
formation is dominated by the anchor ice process for a longer period of time when the flows are
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higher and the outcrops and anchor ice remain flooded for an extended period. It was also
observed that once a significant ice dam is in place, the modeled bed shear velocity is typically
greater than 0.5 m/s in the open channels. While there are many consistencies in the ice dam
formation from year to year, the variations in some of the characteristics and the absence of a
direct correlation between the driving parameters and the ice dam properties observed make it
particularly difficult to simulate with a single set of parameters.
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Figure 3.4 - February 21, 2004 simulated ice dam formation (low scenario).
To improve the previously run simulations and to capture more of the natural variability in the
tailrace level and staging, the incorporation of minimum and maximum shear velocities (U*min
and U*max) for the attachment of frazil ice were included in the model. Through an analysis of
the bed shear velocities throughout the rapids in the previous simulations, specifically during the
initial formation period of the ice dam when the dominant process is anchor ice growth, critical
bed shear velocities of 0.05 and 0.55 m/s were chosen as the minimum and maximum values,
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respectively. The inclusion of these criteria improved the simulations to varying degrees
depending on the season and the improvement was primarily in the cumulative parameters
(tailrace staging and MWh’s lost) as well as through increased tailrace stage variation. Generally,
the shear velocity criteria helped to shape the evolution of the ice dam outcrops throughout the
winter which essentially increased the conveyance during low flow conditions which added more
variation to the simulated tailrace staging plots. Figure 3.5 illustrates the improved tailrace
staging for the 1995-96 season in the peak staging values, the staging variation, and in the overall
shape of the staging levels throughout the winter.

Figure 3.5 - 1995-96 tailrace water staging (combined run, with shear velocity criteria).
Table 3.3 provides a comparison of the statistical parameters obtained from the combined runs
dataset (with shear velocity criteria) to the best-fit scenario from Table 3.2. It can be seen from
the table that the combined runs provide an improved representation of the observed values for
cumulative staging and MWh’s lost through the season and less favorable results in the
maximum staging parameter. It should be noted that a significant portion of the error in the
maximum staging dataset is concentrated in the 1999-2000 season simulation which has an
exceptionally high amount of maximum staging ( > 3m peak staging).
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Table 3.3 – Statistical parameters from combined runs.
Quantity

Cumulative
Megawatt-Hours
(MWh)

Cumulative
Staging (m)

Maximum Staging
(m)

Statistical
Parameter

Best-Fit Scenario
(Table 3.2)

With Shear
Velocity Criteria

Combined Runs

Maximum Error

33085

35131

33275

RMSE

24465

25537

16474

CV(RMSE)

0.410

0.428

0.276

Maximum Error

1846

924

887

RMSE

986

740

506

CV(RMSE)

0.499

0.388

0.266

Maximum Error

0.945

1.164

1.899

RMSE

0.526

0.686

0.959

CV(RMSE)

0.264

0.344

0.481

4. Summary
The results in this paper illustrate many of the capabilities of the numerical model developed.
The model is able to capture a large portion of the variability in the effects of the Sundance
Rapids ice dam on the tailrace water levels at the Limestone GS. A few conclusions drawn from
the above analysis are:
1) Analysis of anchor ice dam effects for the 1993-2006 period showed many
consistencies in the Sundance Rapids ice dam formation each year but did not yield any
significant correlation or trends in the ice dam effects on the tailrace water level.
2) The model is more successful in capturing the effects of the ice dam during seasons
where low to medium staging effects are realized and during seasons dominated by the
aufeis growth mechanism. This can be attributed to the possible existence of some
residual porosity in the ice dam near the bed material which can allow for some flow
through the ice dam. This can be especially prevalent when the early stages of ice dam
formation are dominated by the anchor ice growth process. An improvement in the bed
material formulation in the model may help in this regard.
3) The model runs that combined the critical bed shear velocity with the varying bed
material types in Sundance Rapids were the most successful simulations in capturing the
cumulative parameters calculated throughout the winter. This is because the bed shear
velocity criteria helped to dynamically shape the ice dam outcrops as they evolved over
the winter.
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4) The model is able to simulate the location of the ice dam as well as much of the
evolution throughout the winter. The simulated tailrace water levels were not able to
capture the full range of variability found in the measured water levels during the same
time period and the decay and release process of the ice dam was delayed in the
numerical model runs when compared to the field data. This can be attributed partially to
the natural variability of the measured water levels and the simplified release mechanisms
considered in the model. Evidence suggests other factors such as a bed heat flux and
partial release on a daily basis may complicate the ice dam formation and release process
as it occurs in nature.
Acknowledgments
The authors would like to acknowledge the funding for this research provided by Manitoba
Hydro, the Manitoba Graduate Scholarship program, and the Natural Sciences and Engineering
Research Council of Canada.
References
Ashton, G.D. (1980). Freshwater ice growth, motion, and decay. Dynamics of Snow and Ice
Masses (S.C. Colbeck, Ed.), Academic Press, New York, 261-304.
Bolsenga, S.J. (1978). Preliminary observations on the daily variation of ice albedo. Journal of
Glaciology, 18(80), 517-521.
Girling, W.C., and Groeneveld, J. (1999). Anchor ice formation below Limestone generating
station. Proceedings from the 10th Workshop on River Ice, Winnipeg, Manitoba, 160-173.
Hu, X., Pollard, W.H., and Lewis, J.E. (1999). Energy exchange during a river icing formation in
a subarctic environment, Yukon Territory. Geographie Physique et Quaternaire, 2(53).
pp.29.
Liu, L., and Shen, H.T., 2005. CRISSP2D Version 1.0 Programmer’s Manual. CEE Report 0519, Clarkson University, Potsdam, New York, USA.
Schohl, G., and Ettema, R. (1990). Two-dimensional spreading and thickening of aufeis. Journal
of Glaciology, 36(103), 169-178.
Shen, H.T., and Lal, A.M.W. (1986). Growth and decay of river ice covers. Proceedings from
the Cold Regions Hydrology Symposium, AWRA, Fairbanks, Alaska, 583-591.
Shen, H.T., and Wang, D.S. (1993). Frazil and anchor ice evolution in rivers. Report 93-09.
Department of Civil and Environmental Engineering, Clarkson University, Postdam,
New York.
Tetres, 2004. Selection of energy budget coefficients and field data for the lower Nelson River.
Field data report submitted to Manitoba Hydro.
177

Tsang, G. (1988). Development of mathematical modeling for prediction of river cooling and
frazil and anchor ice formation. Proceedings from the 5th Workshop on the Hydraulics of
River Ice/Ice Jams, Winnipeg, Manitoba, 393-416.

178

