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Two-dimensional modeling of river ice cover formation during freeze-up
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Ice formation and dynamics have a significant role in river hydraulics in
northern Canada, and subsequently, on hydroelectric development in the area.
The formation of an ice cover will ultimately govern water levels over the
winter, which has implications for new station construction as well as
operational strategies for existing stations. Accurately predicting the thickness
of ice jams during freeze-up is complicated by the effects of thermal processes
on the stability and strength of the ice cover. As ice floes jam up, the interstitial
water can freeze to form a solid ice crust that grows downward through the
accumulation. If the growth rate of internal strength from the freezing crust
exceeds the growth rate of externally applied forces from the lengthening jam,
the ice cover will be quite thin. Conversely, if the external forces exceed the
internal strength of the ice cover, a shoving and consolidation event occurs,
resulting in a much thicker ice accumulation.
This paper presents an advanced method on the ice cover formation process for
the CRISSP2D model. A specific focus is given to the dynamic processes of
frontal progression, collapse, and consolidation of a forming ice cover during
freeze-up under the effects of thermal processes that are occurring
simultaneously. Simulations were performed on idealized channel scenarios to
evaluate the formulations as presented and highlight potential areas of future
work.

1. Introduction
River ice processes have a significant impact on the hydraulics of northern rivers. Negative
consequences of ice formations include severe flooding, damage to infrastructure, and decreased
efficiency of hydroelectric generation facilities. Understanding the ice regime of a river can help
engineers mitigate these negative effects. However, rivers often run through remote
environments that are difficult to access to conduct monitoring programs and field work.
Numerical models provide cost effective tools for predicting the evolution of an ice cover during
the freeze-up period of a river, and the associated effects on channel hydraulics.
Numerous one and two dimensional models exist to simulate river ice processes (Shen 2010).
They vary in complexity and often focus on one or two specific processes. This paper outlines
the use of the numerical model CRISSP2D in simulating the thermal and dynamic ice processes
that occur during the freeze-up period of a river. A specific focus is given to the dynamic
processes of frontal progression, collapse, and consolidation of a forming ice cover, and the
effects of thermal processes that are occurring simultaneously.
2. CRISSP2D Background
Development of the Comprehensive River Ice Simulation System Project (CRISSP) model began
in 2000 in response to engineering issues that numerous hydropower utilities in Canada and the
United States were experiencing. The two-dimensional version of the model, CRISSP2D, was
developed as an extension of the DynaRICE (Shen et al. 2000) and RICEN (Shen et al. 1995)
models and includes thermal ice modules as well as an improved numerical scheme for ice
dynamics (Shen 2002). The model is programmed in structured modular form using Intel Visual
FORTRAN to allow for module updates to be easily made as new theories on ice processes are
developed. CRISSP2D is capable of simulating a variety of ice formation processes in complex
river geometries, and can accommodate unsteady and transitional flow conditions. The current
state of CRISSP2D incorporates a multitude of ice processes that occur during both freeze-up
and breakup periods. Examples include frazil ice production, skim ice growth, border ice
advancement, thermal growth of ice covers, and surface ice transport and jamming.
The hydrodynamic simulation is performed using an Eulerian finite element method. A
Lagrangian discrete-parcel method (DPM) is used to simulate the dynamics of surface ice
transport. In this method, the ice is considered a continuum that can be represented by a
sufficient number of individual parcels, each having properties of mass, momentum, and energy.
The governing equations of ice dynamics are solved using the smoothed particle hydrodynamics
(SPH) method. A viscoelastic-plastic constitutive model is used to describe the internal stress of
the ice (Ji et al. 2004).
3. Surface Ice Consolidation Processes
Frazil ice growth in supercooled water is generally the dominant mechanism by which ice is
produced in fast moving rivers. During freeze-up, water loses heat to the atmosphere and
becomes supercooled, producing frazil ice crystals that coalesce into loose, buoyant
accumulations that rise to the water surface and form frazil pans. The ice cover is typically
initiated when ice pans lodge against a solid ice cover that has formed at the entrance to a lake or
other low-velocity zone. Alternatively, the cover can be initiated by ice bridging where
conditions cause the ice flow to converge (e.g. surface contraction due to lateral border ice

encroachment). Following the initial lodging of surface ice, two criteria must be met in order for
the ice cover to progress upstream, that is, (a) the hydraulic conditions at the ice front must
prevent incoming pans from submerging and moving underneath the cover, and (b) the internal
strength of the ice accumulation must be large enough to resist the externally applied forces. A
Froude number criterion is commonly used to predict the likelihood of submergence at the ice
front (Michel 1971). On larger rivers the frazil pans combine as they move downstream and
form larger rafts that are less likely to submerge and move completely underneath the cover.
As ice pans and rafts juxtapose against those already stopped at the cover, the ice front
progresses upstream. The rate at which the ice front progresses is a function of the surface
concentration and volume of the incoming ice floes. Cold weather will promote a high surface
ice concentration. As the cover progresses upstream, the strength of the downstream end will
begin to increase as the interstitial water between frazil pans begins to freeze and form a solid ice
crust. At the same time, the upstream progression of the cover will increase the externally
applied forces on the accumulation. These forces include the downstream component of the ice
weight, shear forces from the flow beneath the cover, and shear forces from wind acting on the
ice surface. If the external forces exceed the resisting forces provided by the internal strength of
the cover and bank resistance (if any), the ice will collapse (also known as shoving) and
consolidate to form a much thicker accumulation with higher resisting forces. At this point
incoming floes will again begin to juxtapose and the ice front will progress upstream. The
repeated process of frontal progression followed by shoving and consolidation is known as
telescoping (Prowse 1995) and is shown in Figure 1.
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Figure 1. Telescoping process of an ice cover during freeze-up.

The stability of a juxtaposed cover during freeze-up was examined by Andres (1999). The rate
of growth of the applied forces was equated to the growth rate of the resisting forces due to
freezing to obtain a stability number that differentiated between a stable or consolidating ice
cover. Application of this stability number to the Peace River in northern Alberta deduced that
the effective compressive strength of the solid crust layer was approximately 1200 kPa (Andres
1999). Although the stability number could help predict if a particular reach will be subject to
juxtaposition or consolidation, it does not provide information on the timing and severity of
shoving. The shoving of ice causes a rapid decrease in water level upstream of the shove as the
ice is pushed downstream and water is removed from storage. This is followed by a rapid
increase in water level when the ice attains its new, thicker configuration downstream and
constricts the flow once again. Predicting the occurrence and severity of shoves is therefore
important in determining the magnitude and timing of the associated water level fluctuations.
4. Effect of Surface Ice Crust on Freeze-up
There are a number of limitations that hinder the ability of the CRISSP2D (Liu and Shen 2011)
model in simulating the telescoping and consolidation of an ice cover during freeze-up. These
are partly due to the incomplete state of knowledge of the various processes that play a role in
this phenomenon. The following sections describe some of the areas of focus for the current
work which will bridge some of the knowledge gaps and advance the capabilities of CRISSP2D.
Growth rate of solid crust layer
The growth of solid ice crust through a porous ice layer due to heat exchange at the ice-air
interface can be described by slightly modifying the equation developed by Ashton (1986):
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where ℎ𝑐𝑟𝑢𝑠𝑡 is the solid ice crust thickness, ℎ𝑠 is the snow thickness, 𝜌𝑖 is the density of ice, 𝐿𝑖
is the latent heat of fusion for ice, 𝑝𝑗 is the porosity of the ice cover accumulation, 𝐻𝑖𝑎 is the
linearized heat transfer coefficient for the ice-air interface, 𝑇𝑚 is the melting temperature of ice,
𝑇𝑎 is the air temperature, 𝜙𝑟 is the net shortwave radiation flux, and 𝑘𝑖 and 𝑘𝑠 are thermal
conductivities of ice and snow, respectively (Liu and Shen 2011). Equation 1 is applicable if
there is a net heat loss from the ice.
Figure 2 shows a schematic representation of the growth of the solid crust layer through the
accumulation of ice pans. The effects of the ice pieces in the porous layer on the thermal growth
of the solid crust is not known, therefore Equation 1 may need to be modified. To investigate
this in the future, laboratory experiments will be conducted in a cold room at the Hydraulics
Research and Testing Facility at the University of Manitoba. Results will be used to verify
and/or modify the calculation within the model of the solid crust layer in the presence of a
porous ice mass.
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Figure 2. Thermal growth of solid crust through ice pan accumulation.
Added strength of solid crust
The process of ice pans freezing together within a jammed accumulation will add stability and
strength to the ice jam (Shen et al. 1995). This added strength will have an effect on the ice jam
progression, as well as the final ice thickness at the end of freeze-up. The strength added by the
solid crust will allow the ice front to progress further upstream before the external forces cause
the jam to collapse and consolidate. This could make the telescoping process more severe and
pronounced than a case without a solid crust layer. When a river eventually obtains a complete
competent ice cover, the final jam thickness could be less than that predicted by ice jam theory
(Pariset et al. 1966) due to freezing effects.
Michel (1978) compared the resistance provided by the solid crust to the resistance provided by
the unconsolidated ice accumulation underneath and developed the following expression:
𝑅 = 𝜏𝑜 ℎ𝑐𝑟𝑢𝑠𝑡 + 12 sin 𝜙

𝛾(𝛾−𝛾 ′ )(1−𝑝𝑗 )ℎ 2
𝛾′

[2]

where 𝑅 is the resistance force per unit width, 𝜏𝑜 is the tangential strength of the solid crust, 𝜙 is
the internal friction angle, and 𝛾 and 𝛾 ′ are the specific weights of water and ice, respectively.
Substituting in typical values of 𝜏𝑜 = 1000 kPa, 𝜙 = 46°, 𝛾 = 9.81 kPa
, 𝛾 ′ = 9.02 kPa
, and
m
m
𝑝𝑗 = 0.4 gives:
𝑅 = 1000 ℎ𝑐𝑟𝑢𝑠𝑡 + 0.185 ℎ2
kN

[3]

where 𝑅 is in m and ℎ𝑐𝑟𝑢𝑠𝑡 and ℎ are in m. Michel (1978) provided a similar equation in
imperial units, and concluded that the first term clearly governs the total resistance. He also
noted that a frozen crust can grow over a relatively short time during cold weather; therefore the
solid crust resistance is a very important term to consider during freeze-up. This concept has
been supported through Manitoba Hydro’s experiences with river ice freeze-up processes in
northern Manitoba, where cold temperatures have resulted in observations of a thinner, stronger
ice cover at several locations when compared to what would be expected from breakup ice jam
theory.

5. Preliminary Model Formulation
The dynamic processes related to shoving and consolidation of an ice cover during freeze-up are
incorporated into the CRISSP2D model by distinguishing different types of ice parcels
depending on their stage in evolution from ice floes to a jammed accumulation. The three major
parcel classifications are shown in Figure 3.

Figure 3. Parcel classification for freeze-up ice jam.
When ice parcels are moving in the area upstream of the jam location, they have two layers; the
frazil ice layer grows as frazil is transferred from the suspended layer to the underside of the
parcel, while the solid ice layer grows as the interstitial water between frazil particles freezes.
As the parcels approach the ice front, their velocity will decrease while the internal stresses
increase. If the parcel velocity drops below a user-defined critical value (i.e. 𝑣 < 𝑣𝑐𝑟𝑖𝑡 ), the
parcel transitions to a jamming parcel (Huang et al. 2012). At this point, the ice parcels are
packed together to create a porous ice layer with an initial porosity specified by the modeler.
This physically represents the jamming up of ice floes that create a consistent accumulation with
void spaces between the ice pieces. Since the jamming parcel is moving very slowly, it will be
subject to the growth of a solid crust layer as the water in the void spaces freezes the ice pans
together.
When the solid crust layer thickness exceeds a user-defined value (i.e. ℎ𝑐𝑟𝑢𝑠𝑡 > ℎ𝑐𝑟𝑖𝑡 ), the parcel
becomes a frozen parcel. Frozen parcels have different properties than jamming parcels to
simulate the added resistance provided by the solid crust (i.e. reduce mechanical thickening). As
the ice jam grows, the increasing internal stresses must be taken by the solid crust layer. If the
required additional stress exceeds the strength of the solid crust, the parcel will return to the
jamming parcel state. The formed solid crust will then break up and the mass will be added to
the porous layer.
6. Testing and Results
Simulations were performed on an idealized trapezoidal channel to qualitatively evaluate and
refine the model formulations discussed in Section 5. An ice boom was placed at a location eight
kilometres downstream of the upstream boundary and a water surface elevation of 5.0 m was
prescribed as the downstream boundary condition (datum set as the bed elevation at the
downstream extent of the domain). A summary of channel geometry and user inputs are shown
in Table 1, below.

Table 1. General model setup
Property
Channel length
Bottom width
Top width
Sideslope (h:v)
Slope
Discharge
Air temperature
Jam porosity
Jamming velocity
Freezing thickness
Internal friction angle

Symbol
𝐿
𝑏
𝐵
𝑚
𝑆
𝑄
𝑇𝑎
𝑝𝑗
𝑣𝑐𝑟𝑖𝑡
ℎ𝑐𝑟𝑖𝑡
𝜙

Value
10 km
600 m
1000 m
40:1
0.001
2000 m3/s
-20 °C
0.4
0.002 m/s
0.03 m
46°

Two scenarios were considered to demonstrate the effects of the frozen crust layer; (i) a jam
developed from a continuous ice supply from upstream, and (ii) a jam developed from a
continuous supply of ice, followed by a period of no ice supply, and then again subject to ice
supply from upstream. For each scenario, two runs were performed. Run 1 calculates the ice
jam thickness by assuming incoming ice remains as ice pans and does not consider the freezing
of the solid crust layer. Run 2 calculates the growth of the solid crust layer, and increases the
resistance of the ice by increasing the friction angle by 50% when ℎ𝑐𝑟𝑢𝑠𝑡 exceeds ℎ𝑐𝑟𝑖𝑡 . The
incremental increase of the friction angle for frozen parcels was selected arbitrarily and will
require more attention in future work.
Scenario 1: Continuous Ice Supply
In this scenario the air temperature was set to -20°C, permitting the generation of frazil ice that
accumulated behind the boom. Simulations were carried out over a period of 50 hours with the
two different model setups to determine the effects of the solid crust layer on the final ice jam
profile.
The ice profiles along the centerline of the channel at various times for Run 1 and Run 2 are
shown in Figure 4. As shown, the increased strength from the solid crust layer incorporated in
Run 2 results in a decreased ice thickness at the toe of the jam. It is also evident that the ice
thickness gradient is affected; Run 2 shows a thickness that increases almost linearly from
upstream to downstream while Run 1 has a thickness gradient that increases in the downstream
direction. As expected, the addition of the solid crust allows the ice front to progress upstream
more rapidly. After 50 hours, the ice front for Run 2 is approximately 250 m further upstream
than Run 1. The different profiles ultimately affect the final water level upstream of the ice jam.

Figure 4. Continuous supply ice profiles at 10 hour intervals along centerline for Run 1 (left; no
effect from solid crust) and Run 2 (right; added strength from solid crust).
Water surface elevations at various times along the centerline of the channel are shown in Figure
5. It is clear that neglecting the solid ice crust produces much steeper water surface slopes near

the ice boom. The final water surface elevations for Run 1 are approximately 30-35 cm higher
than for Run 2 near the toe of the jam, and 20 cm higher at the upstream boundary. If the
simulations were run for a longer duration it is expected that this difference would increase as the
solid crust layer continued to grow and increase the strength of a larger portion of the jam.
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Figure 5. Continuous supply water surface elevations along the channel centerline for Run 1
(red) and Run 2 (blue).
Scenario 2: Intermittent Ice Supply
It is not uncommon for an ice supply to be temporarily cut-off from upstream during freeze-up.
This could occur due to congestion of ice pans at a channel constriction where border ice has
grown laterally into the channel. During this time, the ice accumulation downstream will still be
subject to the cold atmospheric conditions and continue to gain strength as the pans freeze
together. When the upstream ice is eventually released, the additional accumulation will form in
a manner that reflects the solid crust that has grown in the previously formed jam.
To model this scenario, simulations were performed for a period of 80 hours with an air
temperature of -20°C. Over the first 20 hours, ice was generated and accumulated behind the
boom. Following this, the ice supply was cut-off for a period of 30 hours. During this time, the
solid crust in Run 2 continued to grow as heat was lost to the atmosphere. Finally, the ice supply
was resumed for a period of 30 hours. Ice profiles along the centerline of the channel for the last

30 hours of simulation time are shown in Figure 6. The solid crust layer in Run 2 provides
strength to allow the incoming ice to more easily accumulate upstream of it, while the ice jam in
Run 1 grows in the same fashion as it would have with a continuous ice supply (i.e. the toe of the
jam continues to thicken appreciably). The added strength of the solid crust also allows the ice
front to progress upstream more rapidly in Run 2 than in Run 1.

Figure 6. Intermittent supply ice profiles at 10 hour intervals along centerline for Run 1 (left; no
effect from solid crust) and Run 2 (right; added strength from solid crust).
Water surface elevations at various times along the channel centerline are shown in Figure 7.
The plots for Run 1 closely resemble those in Figure 5, with very steep water surface slopes
occurring near the ice boom. The effect of the solid crust growth during the ice cut-off period in
Run 2 is evident by the reduced water surface slopes near the 6.5 km mark (upstream extent of
thick solid crust at t = 50 hours).
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Figure 7. Intermittent supply water surface elevations along the channel centerline for Run 1
(red) and Run 2 (blue).
7. Future Work
Preliminary results of modeling the effects of thermal processes on the growth of an ice jam
during freeze-up are encouraging, however there are areas for future work that exist. Firstly, the
added strength provided by the solid crust layer must be better understood, as simply increasing
the friction angle of frozen ice is not physically representative of the processes occurring in
reality. Next, the processes of ice cover collapse and shoving that occur when the strength of the
solid crust is exceeded must be incorporated into the model. This addition would serve to
capture the telescoping process that is common in moderate to steep rivers. New model
formulations will again be evaluated qualitatively on idealized channel scenarios to reduce
complexity and allow the modeler to determine if the results make sense conceptually.
Once the model appears to be working satisfactorily on idealized channels, it will be applied to a
real-world case. The Lower Nelson River (downstream of Limestone Generating Station) in
northern Manitoba is subject to ice processes related to telescoping each year during freeze-up
and will provide an excellent test site for the revised numerical model. Water level
measurements, aerial photographs of ice conditions, satellite imagery, and documents from

previous Manitoba Hydro monitoring programs will be used to calibrate and validate the model,
and assess its functionality in simulating the ice processes highlighted in this paper.
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