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One of the questions posed by the Northern River 
Basins Study Board requested scientists to assess 
the effects of flow regulation on the aquatic/riparian 
ecosystem. Attention was focused on the Peace 
River system because of the scale of flow 
regulation (Bennett dam) and its effects on the 
Peace mainstem and areas downstream. While 
the Peace - Athabasca Delta has been studied 
since the early 1970's, the effects on the Peace 
River, especially on ice processes, have received 
limited study.

This report describes the effects of flow regulation on the freeze-up processes of the Peace River. Current 
records indicate that flow regulation has increased the winter discharge by a factor of two or three, causing 
a significant impact on the ice characteristics of the river. This project focused on using ice modelling and 
reviewing ice observations and other field data to characterize the extent of change and its effects on ice in 
the river channel. The effects of flow regulation on the ice regime were determined to include:

1. higher water elevations (up to six metres), throughout the winter in locations where a consolidated 
ice cover forms (mainly upstream of Manning);

2. a reduction in the duration of the ice cover upstream of Fort Vermilion (down to zero immediately 
downstream of the dam);

3. losses of up to 30% of the flow into storage as the ice cover advances (may affect calculations of 
minimum flows);

4. increased frazil ice production due to the open water downstream of the Bennett dam all winter; and
5. thicker deposits of frazil in low velocity areas upstream of the Vermilion chutes (may reduce or 

eliminate flow in some shallow areas habitat).

The results of this study will be compiled with material from other NRBS investigations (Proceedings of the 
IFN Workshop, Channel Morphology and Riparian Vegetation on the Peace River within Alberta, Regulation 
Effects on the Slave River Delta: Landform and Distributary Sensitivities to Changes in River Regime and 
Aquatic Habitat Mapping for Instream Flow Needs Analysis - Peace River Pilot Project) and outside sources 
to provide a comprehensive assessment of the effect of flow regulation on the aquatic/riparian ecosystem.

��$����������� .������	�

���� ������	�� ����� �� ����������	������  
�	���������������� ��	� �������  
	������	��





���	��� �������

����� ������� ���� ��������� ���� ���������� ��� ������ ��� ���� ������������ ���  ��!�� ��!" ����� ���� ���#�
��!" ����� ������$� �%� ����� �&"������� ���� � !�������� ����� ����� ���������� ����� &"������� ������
���������$� '��(� ����� ���� ����� "������(��� ������"� �� ��� ���� ������ ������ ���� � ��� ���������� ���
������������������(����������� ������������������� !������������������������������������������!" �����
���� ���#��!" ����� ���������$� ���� ��!��������� ���������� � ��������� ����� ����� ����� ��� "��� ����
���� ������� �����������"��� ������������ ����)�#"����� �����#��!" ����������� �������� ����������� �����
����� ������ ���������������"���������������������"��������������!�������������������������*"%��������
�������� ������� ������������  � ����$� ���� ���������� ������� ��� ������������� ����������)�� ���� �����
������� ������ ����� ��  � ���"�� ��� ���� ������ ������"�������!" ����� ����������$

+�� ��������,����� �����" ���������������������������������������������� "�����������%������������������
������������ - ����������������� ���"���!������%�����!����������$� ����� ����� �!��� �����������������
������������������ �"�����)��,�� ��!� ����� ��������������������������� ������������ � �����������������
� ���� �������� �������� ������� ���� ������ ��!" �����$

�����������!" �����,����� ������� ��������� .///��0	�,�������������� �������� ����%��"�� ���"� � ������
��������"��� ��� ���"�� 112�� ��� /2�� ������� ����� ����� ��� ���� ��� ����!� ������������"��� +��� ��!��� ���
����� ��� ��� ��3���������������������,� ��������������������������� �" ��� ��  ��!������������ ����
�"������������������������������� .//4����������������!�������������"�������� ��������"�������������
������� � ��� ��� ���"�� ./4$� �� ���� �� ���� ������"�"�  �� ������� ��� ��� �� 3�������� ��� ������ ������
���� ��� ����3�������������� ��5����������������������$� ������������������������ ��,�� ���"!������
����)�#"�� ������ �� ���"����� ��� ��� �� 5�������$� ���� ���� ����(����� ����������� ����� ����� ����� ���
����)�#"��!�����  �����!�������� /$6� ��� .$/��$� �������!�� �������������������  ���������� .$/� ���1$/�
�$� +�� ����� �����,��"�� ������ ����!� � �����"���!� ������  ����!� �������������� ����������� �����,�����
���!�� ���������� ������ ���� ���� ������ ���� ����� �����$

-����� ��!" �����,� ���� �������!��� ���,� ��� ���� �����!�,� ���"�� ���� ��� ������ ������ !������� ����� ������
�����������!" �����$� �������!���������!������� ����� ������������������"�������� ������������� �����
���� ����� ��� ����)�#"�� ���� ���������� ���� �"������� ��� ���� ���� ������ ��!�������� �� ��� ���� ��������
"�������� �������� 7���� ���$� ��� ��� ��,� ���� "�������� ������� 8�	� ������ ������,� ��� ���� ������ ���
��� �%�������� ������������ ���" �$� ��������������,����� ����������� ��� �����7���� ���,���������)�#"��
�������������� �� �������� ����"��� ��� �����������������$� 9� �� ���������������"����� ��!" ������ ����
�������� ��� ���� ����)�#"�� ���� ��!���� ����������� �������7���� ���� ��"���� ���� ��� ������ �����$

��������!" �����,� ���� ���� ����������������� ����3���(����� ������!�����  �� ������ ���*"%�����������
�"�� ��� ���� ����� �� �� � ����$� ���� ���� ������ ����(����� ��� ������ ���� �������� ��� �� �� ���"�� /$6� ��
����(,� ��������� �� ������ ����)�#"�� ���� ���� ���!�� ��������� ����������� ����� ����)�#"�� ��� �� �� ���"��
.� ��� 1� �$� ���� ��������� ��� ���!�� ��� �"�� ���� �� ��� ���� ��������� � � ��� ����������� ������� ���� �����$�
+��������������������������3���(���������������5"���!��,���������!����� ����������������,��������
��*"%�������� ��� ����� ������� ���� ���������� ����$� ���� ������ � ����#��!" ������ �������!��,� ���� ����
��������"��� �"��� ��� ���  ����� #0/2�� ���� ��*"%�������� ��������� ����$� ��� ���"��� ����� ��*"%��������
���� �����������,� ��!��� �����������������������"�����%������,������������!�� ���" ����� ��������� ://�
��� .///� �0	�$� ���� ���!�� ��������� "����� �� *"%�������� ���� ������ ���  ���� ����� 1� �,� �"�� ���� �

�



consolidated ice cover the stage increase can be as great as 5 ra, with an ice thickness of 
about 4 m. Between Hudson Hope and Dunvegan, the steeper river slopes prevent the formation 
of a juxtaposed ice cover for any reasonable combination of discharge and air temperature. 
Although the development of an ice cover in these two reaches is infrequent and when it does 
occur its duration is short lived, the formation thickness can approach 5 m and the increase in the 
stage can be up to 6 m.

The main physical impacts on the environment relate primarily to (1) the existence of high water 
levels for long periods of time in areas where a consolidated ice cover has developed, (2) the losses 
in up to 30% of the flow into channel storage as the ice cover advances, (3) the potential unstable 
water levels and ice thicknesses that are evident within 100 km of the advancing ice cover, (4) the 
reduction in the duration of an ice cover for most of the length of the Peace River, and (5) 
dramatically thicker deposits of frazil in low velocity areas of the river upstream of the Vermilion 
Chutes.

Although algorithms have been developed for many of the process identified on the Peace River, 
additional work is required to improve the modelling capabilities. Additional observations and 
measurements need to be carried out downstream of the Vermilion Chutes to characterize better 
the freeze-up process in that reach. It is also suggested that bench marks established around the 
Vermilion Chutes as part of this study be referenced to a common datum. This will improve the 
understanding of the hydraulics of the Chutes. From a modelling point of view, more work is 
required to verify the stability criteria used in determining the dominant mode of cover formation. 
An important component of this work will be the unsteady simulation of a consolidation event. 
Also, some effort must be expended to explicitly model the formation of frazil ice floes.
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2.0 STUDY AREA

2.1 LOCATION

The study area is the Peace River between the Taylor and the Slave River (Figure 1) in northern 
British Columbia and Alberta. The flow in the river is controlled by releases from the Bennett 
Dam. The river drains the eastern slopes of the Rocky Mountains, and flows eastward from 
Hudson Hope, B.C., crossing the Alberta-British Columbia border at Clay hurst. At Peace River 
town, the course of the river changes to a northerly direction, finally entering the Slave River 
downstream of Peace Point (Figure 1). The Peace River has been gauged at a variety of locations 
since 1915, and more intensely following the construction of the Bennett Dam. In Alberta, the 
most relevant active gauging stations, which provide data to analyse the ice processes for this 
study, are those at Taylor (#07FD002), Dunvegan (#07FD003), Peace River (#07HA001), and 
Peace Point (#07KC001). In addition to those stations, inactive stations located at Fort Vermilion 
(#07Hf001) and at Carcajou (#07HD001) will be used to quantify the channel characteristics. It 
should be noted that the gauges at Dunvegan, Carcajou, and Fort Vermilion operate or have 
operated only in the summer months, and thus are not used to characterize the ice regime.

2.2 CLIMATE

As shown in Figure 1, the study reach spans an extremely large area. Fortunately this area is 
relatively homogeneous with respect to the meteorological conditions on any one given day. There 
are some variations with both latitude and longitude, with the latitudinal variations being more 
significant. Table 1 summarizes the ranges of the monthly means and extremes for the entire basin.

Table 1 Summary of monthly mean and extreme air temperatures in the basin, 1961-1990

Month Tempersiture1 CC)

ftlean Mi ahnum . Maximum

August 14.8 8.6 20.9

September 9.2 3.5 14.9

October 3.3 -1.6 8.1

November -8.7 -12.9 -4.6

December -16.0 -20.6 -11.6

January -18.4 -23.2 -13.7

1 Average for Fort St. John, Peace River, and Fort Vermilion.
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2.3 DISCHARGE REGIME

���� !�"!�� ������ ������������������ ������������"����������������� �����,���� ������!�"!�����������
������ �������� ���� �"�� ��� ����� ������� ������ ���������3��������� �����������$� 5"���!� ���� �����������
����� ������ � ��� � ��� ��� ���� ������� ��� ���� 8������� 5��$� C���� ������� ��� ��� ����������� �������
5��� ���!������� ��� ���� ����,� -��(�,� ���� '������� ������$

2.3.1 Spatial Variability

��� ��1��"�����)����������������� �� � �����������������������������������"������������������#� ����
����#��!" ����� �������$� 9����"� �,����� ����"������� ���� ���� ��!" ����� ��� ������ ��  � ��� ��� ����!�� ���
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���������� ��� ���"�� 6//� �0	�$� ���� ����� ������ ���� ��"�� ����� ����"������� ����� "�� �� �� ���"�� ;/4�
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2.3.2 Effects of Regulation
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4.0 FREEZE-UP PROCESSES

���� ���"��� �������)�#"������������ ������������������������� ��"����������� �!��� ����������� ����
�����" ��� ���������������� ������� �����$� C����  ��!�� ������� ���� ��� ����������� ��� ������ ������,� �$�$,�
���������������������� ������ ���  ��!�� ���"!����������������"����������������� ������!� ��� �����������
����"!�� ��� ���"�" ������ ��� ���)� $� ����� ��,� ���)� � ����"������ ��� ���� ��*��� ���� ����"������ ����$�
-(��� ���,������ �����������������������"����������������������������������� ������ ��� �������������������
� ��� ���� ��%��� ����� ���� ���)� $

��� ���� ���������)�#"�� ���������,������� �������������&"������� ��������������  �� �������������� �����
 ��������� ��������������������������� �"������,���������"������������)� ,����� ��!����������������,�
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������� (����� ����� ������$� ���� �%��� �,� ����� ��� (����� ���"�� �����  ���,� ���)� � ����"�����,� ����
������ ���������� ����� ��� (����� ���"��  ��!������ ���� ������� ���� !�����$

����� �������� ��  � ��������� ���� �����"�� ��!������ ��� ���� ����)�#"�� �������� ���� ���"����� ���
�"�����)���������������� �������&"������������� �������"�������&"���������������"�����������������
���� ���� ������� ����� ���� �� ���� �����$

;$.� <����F9--

���� ������ � ��!���� ��� �� ���"�� � ������� ��� ���������� "���� ����� �������,� �������� � ����!� �����
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�����"�� ������� �!��� � �������� ���� ����������� ����"��� ������������� ��� "%��������,����" ���!� ��� ���
��������� ��� ������ ��������"��� ��� �� ���� ��� "%� ��� ����� ���� �� ��������� ��� ������ ��������"��$� ����
������� !�����  �� ���"��� �"���!� ����� �"����� �������� ��� �"���!� ���� ���,� ��� �� ����  ������ ���
��������������� ����� �� �������� ����������� ��� ��� ��!��$
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��������������>� "%?���������������������"�������$� ��������"����������� "��������������������"������
>���#������ ���������?� ���� ���� ������� ���$� <���� ��������� ��� ���� ������ �"������ ��� �%����� ��  ��!�� ���
����������� ��� ����� �������������"!�� ���� ������� ���$� ��"�� ����� ����������� ���� ��� ����������� ���
�������"���!� ��� ���� ���� � ����� � "%,� <�$� ����� ���� ������ ����� �� ��� ���������,�  ��!����� ���������,�
�����������	������������,� ��������������$� 9�����������������"�������� ���!� ����,��������������,�
���� !�������� � ����!�� ���� � ��� ��� ����������$� <������,� ������ ���� !�����  �� �"��� ���  ��������
���� ��������!� ����������� ��� ���"�� ���������  �� ��� ����$� ����� ���� ���� ����������� ��� ���� ��� �����
����������������$� �������� ������� "%������������������������������������������ ������ �������������
���������,�<�� ���� ���� ��������"��� �� ����� ����� ��������� ���������,� <$� ������ ��� ���� �"�� �������
 ��!����� ���������,� �����������	������������,� ���� ����������$
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���� ������ ���� �������� �$� +�� ������� ����"�������� ��� ���������� ���������� ���� ���� ���� �� �,�
���������� ���������!���"���������� ��������"���!���� ��,�!�����,� �������" ��� �� ����!� ��������!�� ���
������ �� �"������� ��� � �"�� ������ ��� ���� ��������!�� ��� ������ �� �� ��� ���������� ����� �������� ����
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��� �� �� ���������� ������  �� �"!!������ ��� ��!������ >F���,� .J=0?

E�F� � �G�6 !��5?�H���3�:��4�F
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����"������������������������ ������"��������������"��� ������!����"������,������������� �������
�������� ���� ���� ���� ��� ��������$� ���� ��������� � �����,� �������>.J::?� �"!!������ ����

� ! � I �G��3?�:4;4=H���52
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������ <�� ��� ���� ��%��"�� ��� �� � ���� �(�� �� ��� ���������� ���� �-8� ��� ���� ��� �� ��%��"�� ��"��� ���
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������ ������� ����"���� �%� ���� �� �������� ���� ��� ����  �������$� 9����� ����� �������������� ��������
���� ���� �� �� ��� �� �" ���� ���� �� ��� ���������,� �������� ������ "��� ��&"����� �"��������  �� �����
������� �!��� ����$� ���� ��������� � ���������� ������������� ���������� ���� ���"����� ������� ���������
���� ���� ��*"�������� ���� ������$

���� ���� ��������� �� ��� ���������� ��� � ��� �� �"������� ������� ������� ������� ������ �"������ ���� ��� ����
�����"���������"�������������� �"�����$� -����������������"��>�"���������� �%?�������� �!���������
����� �"!!��������� ����"��� ���� �������� �����!�������� ��� ������!� ����� ��  ��� ��  �� ��� ���� ���������
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Combining Equations [13] and [14] to solve for Q produces the following second order non- 
homogenous equation

[15] fffi.JLfE!------ — a-g.o
��'� �! � ��� "#� �"%	� �� ! '

which can be solved analytically.

This equation contains three unknown parameters: P and hr, and pf. The other parameters are 
known from the hydraulic and meteorological characteristics. Both P and hf affect the rate of ice 
production and the rate at which surface ice is generated. Their values must be determined from 
calibration, and are specific to a given hydraulic condition. Once P and hr are defined for a given 
river, C, can be computed from Equation [15] and reintroduced into Equation [14] to calculate the 
concentration of the suspended frazil. Thus, the surface ice discharge and the suspended ice 
discharges are given as

[16] ��� �� % ) (� 1 � " / �

and

[17] � ( � $ %

The porosity of the floes, pr can be determined "a priori1' within a reasonable range based on 
observations on other rivers. If the longitudinal ice concentration gradients can be measured, then 
the appropriate values of p and hf can be determined by fitting Equation [15] to the measured data. 
This equation is a second order homogeneous equation with constant coefficients and can be solved 
analytically as long as two boundary conditions are defined. These are
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4.2.3 Cover Formation

9�� �  � �"�� ����� � ��#�����!� �������,� ���� ������ � ���� ������ ��� ������� ��� ���)� � ����� ���� � "���
 ��!��!� �!������ �� �� ��� ���� ������ ������� ��� �"������ !������ ��� ������ � ��#�� ������  ��������� �"���
��� ��� ����� ��� �,� ���� ��������� ��� �� �(�,� ������� ����� ����� ���������$� F��!������ �������!��!� ����
� ��� ���"�� ����� ���)� � �����  ��!�� ��� �� �"������ ������������ ��� ��  ��!� ������� �����,� ��� ������
���������� ���� ���� !����� �"������ ����� ���� ���(,� "�"�  �� ��� �� ������ ����$� ���� ���� ������ �����
���!������� "�������� ���� ��� C���"�" �����S� ����� ��������� �����,� �� �������!� ���� ����(����!� ��� ��
�������� ������������,���������!� "���� ���� �����" ��� ����������� �!��� ����������$� 5���������!� S��
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��� ����� ����*"%�������� ������ �������� ��� � ���$� '���� ������ ��� ���� ������� � �����!��� ������� �����
���)� � ���"�" �����,� ����� ���)��� ���)� � ���� ��!�������� �� ��������� ���� �����!��� ������� ���"�" �����$
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Because this process normally occurs abruptly, the thickened accumulation is not significantly 
affected by freezing and develops an equilibrium thickness based on the cohesion and internal 
friction of the thickened cover, if sufficient ice is available. This form of cover can be analyzed 
by the stability equation proposed by Pariset, Hausser, and Gagnon (1966), from which the 
thickness, h can be computed

UU P P, [1 -(p,/p)]gk2l = W(pgR,S * p,ghS)

where W is the river width; S is the representative uniform water surface slope; p is a 
dimensionless coefficient that depends upon the internal friction and porosity of the jam (taken as 
a granular medium); pgRjS and p(ghS represent, respectively, the shear exerted by the flow on the 
underside of the accumulation and the downstream component of the accumulation’s weight per unit 
area; p and p; are the density of water and ice, respectively; and Rj is the hydraulic radius 
associated with the ice cover.

Thus, the stability of the ice cover at any location downstream of the ice front is a function of the 
relative magnitudes of the force on the cover which is given by

� !! � F  = ^e8s (PRt* P ih)

where Leis the effective length of the ice cover (ie. that part of the ice cover that can transmit the 
shear stress and weight downstream to the critical location) and Rj and is given as

[23] � � �

where Y is the total flow depth under the ice cover and and n are the Manning’s roughness 
coefficients of the ice and the composite channel, respectively; and of the internal strength of the 
ice cover which is given by

[24] R�� � � � pl(X-(>Jp)ghJ� � � � � �

where the first term represents the internal friction strength of the juxtaposed frazil accumulation.
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P1=Q F(xf ) =gS(pR, + p ,A ) jdx
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P1HQ dx = Qi dt
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The stage increase that is associated with freeze-up has increased dramatically after regulation. At 
all three locations there has been at least a 2 to 3 m increase in the "backwater" associated with 
the formation of the ice cover. This is due to two main effects. First, the discharge does not 
decrease at the normal recession rate as it did under natural conditions prior to regulation. Thus 
there is no compensating effect for the increase in stage related to the development of a relatively 
thin ice cover and the additional boundary on the flow. Second, the the discharge at all locations 
along the river is much higher after regulation and this results in the formation of a much thicker 
ice cover. This effect is especially apparent in the steep reaches upstream of Dunvegan.

5.1 PRE-REGULATION

5.1.1 Water Temperatures

Under natural, non-regulated, conditions the water temperature in the main stem of the Peace River 
and in the major tributaries essentially ref elected the air temperature and the solar radiation input. 
Figure 18 illustrates the trends in the water temperatures recorded during the discharge 
measurements undertaken by WSC. These measurements, taken at approximately monthly 
increments during the period of time between 1961 and 1975, reflect the non-regulated conditions 
at Peace River, Fort Vermilion, and Peace Point, event though the last three or four years of data 
were in the regulated period. A comparible trend is also shown for the Smoky River at Watino.

It is evident that the average (or "normal”) water temperature is not dramatically different for the 
four locations and the two rivers. Certainly, the meteorological variables are similar for all four 
sites. Furthermore, it can be argued from regime considerations that the flow depth, which is the 
only hydraulic variable which affects the water temperaure (see Equation [35]), probably scales 
with the discharge and the width of the river so that the depths are comparible at all four locations 
even if the discharges are not. Thus it is not surprising that the water temperatures behave 
similarity. It is evident from the figure that the water temperature typically cools to zero degrees 
sometime in late October or early November, depending on the temperature regime of the particular 
year. This provides a rather uniform time for the annual initialization of the ice generation process 
prior to regulation and suggests that ice would first appear on the river in early November.

Although the scope of this report precluded evaluating large volumes of data for a wide range of 
individual years, Equation [35] was solved in its finite difference form for the Peace River at Peace 
River using daily values of the air temperature, solar radiation, and pre-regulated discharges 
interpolated from the normal monthly values. The results of the simulation of the water 
temperature is shown in Figure 19 for a range of heat transfer coefficients. It should be noted that 
the input of the solar radiation was determined by assuming an albedo of 0.05 and an exposure 
factor of 0.75. The exercise suggests that the water temperature model is appropriate for 
calculating the water temperatures and that an appropriate value of the heat transfer coefficient 
should range between 10 and 15 W/m2-°C. Furthermore, the simulation suggests that a forecast 
of the time when the water temperaure approaches zero and ice begins to form on a non-regulated 
river can be made simply by forecasting the date at which the air temperature generally falls below 
freezing.

30



9��� ���� � �������� �"��� ��� ����� ��!�����!� ���� ��� ��� ��� !��"�������$� 3�� �������������� ����
!��������������� ��� ������������� !��"�������$� -��������� !��"����������� ������!�����  �� ������ ��
���� ���� ��  � &"��������,� ��� ��" �� ����� ����� �� ������� ����" ������ �%������$� 3�! �����!� ����
!��"����������" ������"������ �!���"����#�������������������������������������������������������%����
���������������������!��"�����������������������������������$� �������" ���"!!��������������� "��
��� ���� ��� � ����� ��������� ������������ ���" �� ����� �������� ���� "����� �� "�� ��� .6� '	�1#2�$� �����
��" �� �"�� ��� ����� ���  ���� ��������� ���" ��� ��������� ��"�����>������,� .J:;?$

5.1.2 Ice Cover Formation

���� �������� ��� ������ �� ���� �� ���� ������ ������ ��� �� ���"�� � ���#��!" ����� ���"������ ��� ���� ��  �
"���������$� 9��� ���� ����" ���� ����� �� �������!���� �������������� ���"�� ���� ���������� ������� � ����
���� !������ �������������,��"����������� ��� �������������� ���� �� ���������������)�� �������� ���� ������
������ ���"�  �� ���� ����$� ����  ������� ������ �������� ���*���� ���� "���� ��� ��� ������ ��� "������ ���
������ �������,� �������,� �� �"������ �%���������� ��� ��"�� ������ ��� �������� ��� ������ ������ ���� �����
�����  �!��� ��� ����� ���"�$

��� ��H� �"�����)��� ���� ���"�� � ����)�#"�� ������ ��� ���� ��"�� ������ ���� ������ ������ ���� ���&"����
����$� ���� ����� ����(��!� ���� ������ ����� ���� ����� ��� ����  ��!� ������� ��� ����� �������� ���� ���� ���
������ �� �"�������� � ���"��� ��� ���� ���" �� ����� ����� �������� ��� ���� ������ >����������)��� ��� ��
�������������� ���J64?� ���� ��������� ��������� �� ���� �� ���� �������������>��� �������� ����� ���� ������
 ��� �?$� +�� ���" ����� ��������������� ���"����� �����������"��������� ��������� ���� ��� ������������ �������
������ ��� ���� ����� ������� ������ ���"� � ������������ ���� ���������� ���� ��� ��(��� ����� ����� ��!���� ���
����������$� ���� ���� � ��� !���������� ���� � �"!!����� ����� ������ ���� ����� ��� ������ ���,� ���"�� ���� ���
�������� ����� ��� ���� ����"������ ���� ��&"����� ������� ���� ���"��� ��� ���� ��� ���� ������ ��������
��!��������$� ���������������,� ��� ��������� �������� ��� ������� ����� ���� ��&"����� ���� ������ �� ���� ������
��� ����$� �����  ��!��� ��� ����� ��� ��������� ������������!,� ���� �"!!����� ����� ���� ����� ��� ����
����"�������������������������������	�������������������"����"����������� �������������"�������� �
���"��� ��� �����!��� ���� ��� ���� ����� �"�� ��� ����)��!� ������� ���� moving ���($

9��� ���������� ����� �"��� ��� ���������� ��� ���"��� �����  ��!������ ���"��� �������� ��� ��� �� ����� ��� ����
����������������� �����������������������!�����������$� 9������������������������������������������
 ��!�,� ���� ���� ������"��� ��� ����,����� ��������  �������"��������������� ���� ����"  � ��������� ��!��� ����
������� �������!�$� ��� ���� �������������!�� ���������,� ���� ������ ���������� �������� ������� ���� ��� ����
������ ���������� >���� ������ � ������ ��� !�����  �� ����� ������ �� ��� ������ ���  ��� ���!�?$� ��� �����
������� �����������������  � ��!������������ ����������  ������� ����������������"� ����������� �� ��!�
�������$� ���� ����� �"!!����� ����,� ��!��� ���� ������� � ��� ��� ���� ������ ��� ���� ����� �����%��"�� ����
�������������,������������!�� �"������������ ��� ��� ���"�����������  � ��"������������� ������"��� ���
���"�� ���� ��� ������� �������� ��� ��������� ����"���  ��!������ ��� ������ ������ ����$

�������" ���!� ������������  ���� � �!�� ������(����������������(������������� ���� �������������*"���������
��� ���� ����� ��� ��!������ ���� ���� ���� � ���!�� ��������� >���"���!� ��� ��������� ��� ���� � ��?� ��  � ���
�� �������� ���� ����(����� ������� ���� ������ ���� ���� �%�������� ������ ��������� � ��"������ ��� ���� � ��$�
���� ����� �"!!���������� ����� ��������� ��� ��� ���� ������ ������"��/$6� ��� .$/� �� >��!"��� .H?$� <������� ��

0.



��� ������" �� ��� ���� ��� ���� �������� ������������!� �������!�� ��� ����� ��������$

��#$%� D� �&''�()� *+�+(%%9%4&/�7-�(�7,%(�0,�70� �,� �%�7%� ���%(�/(�*(�,*� (%8&$�,�*�

�%�( .J=1 .J=6 .J== .J=:

�� �" ����� ����� ��������� ���� ����"�����. 3��� J 3��� 1 9���1. 3��� ;

5���� ��������� ���� �����������1 3��� .; 3��� 6 3��� . 3���H

�-�(�7,%(�0,�70� �,� ��G� 2?MN

5��� 3��� .J 3��� J 3��� 6 3��� .H

5������!�� >�0	�? ..06 .;1/ .10/ ;6/

�����!�� ������ >�? ;1/ ;;/ ;0/ 0=/

� ��� ����(����0� >�? /$;6 /$;6 /$;6 /$;6

�-�(�7,%(�0,�70� �,�$*�8%'%�,N

5���; 5��� .. 5��� 1 3��� 1H 3��� 11

5������!�� >�0	�? 6// ;./ H0/ 1//

�����!�� ������ >�? 0H/ 0=/ 0J/ 0./

'����� ��������� EF* .1 .: J .0

�� �" ����� ����)�#"�� ���� ����(����� >�? /$6. /$66 /$6/ /$61

.� 5���������� ����� ��������"��� �������� ���� ���"���� ��� ���� ���� ��� ������ ���� ����� ��� �� ����
��������"��� ��� ���������� �� �� ��� ����)��!$

1� 5���������� ����� '-�� ������������$
0� ���"���� ����� ���� � ��� !���������� �� ���������$
;� 5���������� ����� ��������������� ���'-�� �������$

?� � ���������� �	�����	��

B�������!" �����,� ���� ��������� �����  �� ���#��������� �������"�� ��%�������� �����������,� ��� ���� ������
����������������������� '���8�������5��� �������� - ���������$� ���� ������!���,� ���� ������" �� ��
���� �����!� �������)�#"�,� ��� �� �"������� �������� ���� � ������ ���� ���� �������!�� ��� ���� �����,�����  ������
������ �������� ��� ���� ���� F�(�� '�  ������ ��� ����!��$� ���������,� ����!��� ��� ������� ����
��������"�����!������������������!�����������������  ����������������������� ������������!� �������)�#�
"�� ���� " ������ �� ��� ���� ���� ��!���� �������� ������� ����$

�������� �������������� ����������������"����������������������"��������������!��������������$� ������
���� ����������� ���� ��� ����!���������� ��������(�>� ���,� �����,����� ������� ?� ������ ����������

01



���� �����" ��� ���������������� ������� �����,� ��� ����"��� �� ������ � ����)�#"�� �������� � ��!� ���� �����$�
���������!� ������������� �������)�#"�� ����� ��� ���������������������������� ������ � ������� ��"��������
������� ������$� ������ ����  ��!� �� ������������ ������� ���������� ��� ������ ���� ���� ������ �����,� �"��
�"�������������������&"��������������� �����������������������$� ���������������"�����������������
������ ����� ��� ��� (����� ����>.?� ���� "�������� ������ ��������"��� ������� � ��� ��� ���� 8�������5���
����>1?����� ����� ��� ���������� ���� ������������ ����������� �������7���� ���� ��"���$� ���� �������
������������������"��������������������������!������������ �������� ������������������������������������ �
 ��!�����$

5���� ��������� ��� 8�� <����� �"!!����� ����� ���� ��������������"��� ��� ���� 8������� 5��� ������� �����
 ��� �������������������$� ��!"���1/��  "���������������"� �������� ����������������� � ��������������"���
���������� ��������������������������� ���������������"���"�������������� �������������  ��������������
���������  ����!� ��������$� +�������������������������� �� ����%��"�� �����������!���� �����������������
������ ��������"��� ��� ���� !����� ���,� ����� ����� ����� ����� ������ ��� �������� "����� ���������  ��
���������� ���� ��������"��� ����������$� � ��,� ���� � ���� ������� �"���� ��� ���� ����� ����� ����� ��� ����$�
��"�,����� ��������"��� ���������� ������� "�������� ��"������ ��� "��&"�,���� ���"������� �� �� ������� ����
������� ����,� ���� ������ ��� ��� ������������ ��� �� �� ���( �� ���������� ��� ���� ������������"��� ��� ����
�����$

?� ��� �*B�0,(%�'� *+� "%('�$�*�� �-&,%0

���� ����� ��� ���� ������ � ���� ������ ���������� ����������� ���7���� ���� ��"���� �"��� ��� (����� ���
���" ���� ���� "�������� ���!�������� ������� ���� ���������� ��� ��������� ���� �����!� �������)�#"�� ��� ����
������" ��� �������$� 7���� ��� ��������������������� �� �����������������������������,��������������'-��
����� ��� ������ �����$� ��� �"!����� ����� �����������,����� ����)�#"�� �������� ��� ���� ������ �����������
�������7���� ������"���� �������� �������������!�������� ��������� ��"�������� �������������� ���������
�"���!� ���� ������� ��������3��� 0/� ����5��� .1,� .JJ0$

��� ���������� ��� ���,� ���� �����!� �������)�#"�� ��� ������ ���������� ���� ����!��� ���������  �� �"�����
��!" �����$� �������������  �����)���"�� ������ ���������3�������,�� ������������!���������)�#"����� ����
��� ���� ������ ��!���$� ���� ������������� �������)�#"������������� �������7���� ���� ��"���� ���������
���������������� �����������!�����  ������)���������� �����������������" ���� ��!�� �(�$� �������,�����
� ���� ��� �"�������� ��  ��� ����,� ����� ����� ���� ��!�� �������!��� �����!� �"�� ������� 8�������5��,� ����
�� �������� ����  ��� ���"!����� �  ��������������������� ��������� ���"������ ���� �����$� � ���"!��������
���� ��� �����  ��� � �������� ������ ����� ������!� ���� ���"�,� ���� !����� � ����)�#"�� �������� ��� ����
������  ��!�� ������� ����"������ ���� >���� ������ ������� � ���� ����� ���)� � ����"�����?�*"%������� ��� ����
�"�����$� ��!"���1.� �  "������������������ �������������������������������������������  ����!�����)�#"��
��� .JJ0$

�����������  ��!������������,��������������������������������������������"���������  ������)���,������
���� ������ ���� �� ���� �� ������ ���� �%���$� ��"�� ��� ��� �� ���� �� ������� ��� ���� �� �� �" ���� ����
���!�������� ������� ���� ������ ��� �� �" ����!� ���� ����� ��� ������ �� ������ ����� � �����!� ����"!�� ����
������� �������� )���� ��!����$� ��!"��� 11� �  "�������� ������ �� �" ������� ���� ��������� ���� ����  ���
����)�#"�� ����� ��� ���� ��������� ����� �������)�#"�� ��� ������ �����$

00



6$1$1� 7���� ���� ��"���

���� ���������� ��� ������ ���� ���� ������ ���!������� "�������� ��� ���� ��"���� ��� ���� ���� ��  �
"���������$� ������ ��� ����� ��"��,� ��� ���� ���� (����� ��������  ��!������ ���"����� ����������� ��
"�������� ���������"���� �������������� ���!��� �����������"���� ����������� �� ���� ���������� ���� �����
����������� ���������"���$� 9���������������������"�������������������.JJ0� ���"������������������!�
���� ����������� ��� ������ ���� ���� ������ ���!������� "�������� ����� ���� 7���� ���� ��"���� ����
����"���!� ���� ���� ���������������� ��� ���� ��������� ��� ���� 7���� ���� ��"���� ��� ���������� ����
���������������� ������������ ���� ������ �������� ������ ������ � ��� �����  �������$

���� ����)�#"�� �������� ��� ���� ������ ����������� ��� ���� 7���� ���� ��"���� ���� ���� ���� ������
���!�������� ����� ���� ��"���� ���� ��������� ����� ��������� �"���!� ���� ������� �������� 3��� 0/� ����
5��� .1,� .JJ0$� +��@��"���,� .JJ;� ���������� ���� ���������� ����� �)��,� �� ��� �� �"����� ���� "������(���
�������� ����������������������(�� � ��!� ���������� ������������������������� ��"��� �������C�((���
������ ���� "�������� ��� ���� ��"���$� +�� ��������,� ���� ����(����� ����"�������� ����� ����,� ���� ����
���������������� ��� "����,� ���� �� ������ ���� ����  ��� � ����� �� ���� ����� �����$

���� 7���� ���� ��"���� ���� ��������� ��� �� ���� ��� ������� ��� ��  ��  ������� ���� (� �������� ������
>��!"��� 10?$� ���� "��������������"������� �����������������!� ������,���� �� ����  ��������������"���� ���
������ ��� �� ��  �$� ��!��� ���,� ���� ��"���� �������� ��� �����%������ ����� ���J� �� ����� �� ��������� ���
���"�� 0� (� �������$� ���� ������� ��� ���� "����� ��  �� �������"��� ��� �����%����� �� 0/4� ��� ���� ���� �
����,� ��� ������  �������  �� ������������ ������H/4$� ����!������������"�� �� �� ���� ���� ����� �� ���
����� ���������  �$� � ���"!�� ������  ����"������,�����"��������"���� �� ��� ��� �����6� �� ����,� ��� ��
���� ���"�� �� �� �� ��� ����  ����� ��  �� ���� ����� ����"���� ��� ��� ���"�� 1/� �� ��� ������ >��!"��� 1;?$�
9����"� �,� ������ ��� �"��������� �"��" ����� ��� ���� ����� ��� ����� ��� ���� ��  �� ��� �������� ���������
����������� ���� ��� ��������� ���� ���"�� �� ��$� 9�� ���� ������ ����,� ���� ��  �� ���� �"��" ���� ���"!�� ���
�������� ���� ����!����� ������� �������!� ���� � ���� ���� ��"��� ���!��!� ����� ��� ���� ��� ��� ������������
���"�� �� ��� >��!"����1;� ���� 16?$

���� ������������� ���������� ����� ���� ���� ������"�������� ������� ��"���� ���� �%� ���� ��  ��(����������
���������� ���������������������������� ���������"���$� ������ �������������������� ������� ��"���� ����
���� ��!����� �  �������*"%������������������ ����������������!����������������"���$� +������,��������)� �
����� ������ ���� ���������� ��� ���� ������� ���� ������������ "����� ���� ������ ���� ���������� � ��!� ����
"�������������������� ����������������������� ���������"���$� �������������������������� �������������
�������� ��� ���� �"�� �� ����������!� ���� ���� ���� ����� ��������� ��� ��� ������������ � ��!� ���� "���������
��� ���� ���� �����$� ���  ��!� ��� ���� ���� �"�� �� ��� !������� ����� ���� ���������� ����� "����� ���� ���� ����
����(����� ������� ���� ���"�" ������ ��  � ��������$� '���� ���� ��������� � ����(����� ���� ��"!������ ���
�"������������ ������ ���� ������ ��� ������������ ���������"������� �� ��� � �&"� � �����%����� �� ��� ����
���!��� ������� ��"���,����� ���� ���������� ���!�����"�������� ��� �� �������� �������������,� ��������!�
��� ���� �������!�� ���� ���� �"�� �� >��!"��� 1=?$� ��!"��� 1H� �  "�������� ��� �������� � �� ���������� �����
�������� ���� ����������� ������ �"��� ��� ���� ������� ���� ���� ������ ���� ���!����� "�������� ����� ����
��"���$� ����������������"��� ��� ������������� �"�� �� ���������������!������������������� ����������!���
���������� ���� �������� ��� ���� ��"���� �"��� ���������$� ��"�,� ��� ���� ������������"��� ���������,� ����
�� !����� �������!�,� ���� ����� ����� ��� ��(��� ���� ���� ���� ��� ���!�� ��������� ��  �� ���������$

0;



5.2.3 Vermilion Chutes to Tavlor

5.2.3.1 Border Ice Growth Andres (1993) reported on measurements undertaken to verify a model 
used to calculate the growth rates of border ice. These appear to be the only records of border ice 
widths on the river. Unfortunately these measurements are limited to the area around and upstream 
of Peace River town. The measurements were made from an aircraft at four different times ove the 
course of freeze-up. Each of the measurement sites was located on 1:50,000 scale NTS maps and 
the channel width was estimated from the map. The width of the border ice was then scaled from 
the photograph and the percentage of border ice coverage (of the total width) was determined. The 
width of the border ice was extremely variable and seemed to be affected by local hydraulic 
conditions. Where the channel was well defined, straight, and with no islands to cause large eddy 
zones, the border ice growth was limited. However, in areas where the channel tends to be wider, 
such as in the vicinity of islands, or along large bends, the growth of the border ice was more 
substantial.

This suggests that the growth of the border ice tends to decrease the variability of the width of the 
water surface, when considered over a long reach. Furthermore, the border ice did not play a major 
role in the defining the ultimate characteristics of the ice cover. Even after three months of subzero 
temperatures, the width of the border ice was less than 15% of the total width.

5.2.3.2 Cover Formation Freeze-up on the Peace River between the Vermilion Chutes and Taylor 
occurs by a orderly progression of the ice cover. Water of temperature varying between 2°C and 
9°C enters the river from upstream of the Bennett Dam. As the water moves downstream it cools, 
generates frazil and produces flowing ice, the concentration of which increases in a downstream 
direction. The rate at which the ice cover progresses upstream is related to the rate at which ice 
is generated and the thickness of the newly formed ice cover. The first factor depends on the 
discharge in the river, the rate of heat loss from the water surface and is related to the incoming 
solar radiation, air temperature, and wind. The second factor depends on the channel geometry, 
slope, discharge, and air temperature. Generally, the higher the discharge the thicker the 
accumulation of ice.

Alberta Environmental Protection (Fonstad and Gamer, 1984, for example) has been monitoring 
the progression and recession of the ice cover since the mid 1970's. Figure 28 illustrates the 
extreme variability that the location of the head of the ice cover (hence the timing of freeze-up) 
can have in any given year over the period of the observations. Unfortunately, the observations 
do not include the type of ice cover, that is whether it is consolidated or juxtaposed and therefore 
the dominant freeze-up process only be inferred from the progression rates. That is, a large 
progression rate suggests that juxtaposition is the dominant mode of ice formation, whereas a low 
rate of upstream progression suggests that consolidation is the dominant process. This logic seems 
to work well downstream of Dunvegan. Upstream of that location, the proximity to the Bennett 
Dam and the variability in the flows and ice characteristics make it difficult to speculate about the 
dominant process.

This type of rationalization can be illustrated for the 1982 freeze-up (Figure 29). In 1982, the ice 
front was first observed at Fort Vermilion on November 23. With air temperatures in the order of
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-15°C and discharges at Peace River fluctuating between 1600 and 2000 m3/s, the ice front 
progressed upstream at an average rate of about 20 km/day, reaching Manning on December 9. 
The very mild slope of the river in these sub-reaches (Table 1) must have allowed a thin cover to 
form by juxtaposition, on some days. This resulted in a relatively rapid upstream progression of 
the ice cover.

At Manning, where the slope increases by about an order of magnitude (Table 1), juxtaposition was 
no longer possible and the cover formed only by shoving. At temperatures in the range of -20°C 
and discharges of about 1700 m3/s, the rate of upstream progression slowed to about 4 km/day, 
with the ice front passing Peace River on January 4 and reaching Dunvegan on January 13. In the 
vicinity of Dunvegan, the rate of upstream progression increased again, suggesting that 
juxtaposition may have been responsible for the formation of the stable ice cover. This may have 
been brought about by lower than usual releases from the Bennett Dam. No observations were 
available after January 17, at which time the head of the cover was located about 30 km upstream 
of Dunvegan.

In 1993, work on another NRBS project provided an opportunity to characterize the type of ice 
cover that developed and thus explicitly identify the mode of ice cover development and determine 
the attendant stability criteria. An aerial reconnaissance was undertaken on February 10, 1993 in 
a reach of the river between the Shaftesbury Ferry and the mouth of the Notikewin River. The 
intention of the work was to infer, from the surface characteristics, the freeze-up mode and the 
relative differences in the potential thickness and roughness of the ice cover in each of the reaches. 
The surface of the ice was characterized as being either smooth, which is indicative of a juxtaposed 
ice cover, or rough, which describes an ice cover that has undergone substantial shoving or 
consolidation. Furthermore, the evidence of large rafts, which were imbedded within the ice cover 
was also noted, along with the existence of shear lines which are indicative of a consolidating ice 
cover. It should be noted that the shear lines may not have been related to the existing ice cover, 
but could have been relics of a previously formed cover that had collapsed prior to the formation 
of the observed ice cover. Regardless, their presence suggests that considerable thickening and 
storage of frazil has occurred and that there may be a reduction in the width or the cross sectional 
area due to the accumulated ice.

Figure 30 summarizes the discharge, air temperature, progression rate, and the surficial 
characteristics of the ice cover within the study area. The ice cover formed in the time period 
between Dec 21 and Dec 30, 1992. Downstream of the Whitemud River, the ice cover developed 
at discharges of about 1800 to 1900 m3/s and at temperatures in the order of -25°C . This resulted 
in a cover that was generally rough due to shoving of the juxtaposed ice floes. Apparently the 
juxtaposed floes could not gain sufficient strength due to downward freezing at these temperatures 
before the stresses on the cover due to the high discharges and the lengthening ice cover increased 
to the point where the cover would collapse. Upstream of the Whitemud River, freeze-up occurred 
during much colder conditions (in the order of -40°C ) and at discharges of about 1700 mVs. It 
appears that at the colder conditions and lower discharge, the cover gained sufficient strength from 
freezing that the juxtaposed floes were not consolidated or shoved as the pack progressed upstream.

As a result, the ice cover between the Shaftesbury Ferry and the Whitemud River was generally
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Table 8 Probability of a given type of ice cover forming for a given stability parameter
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From the plot and Table 8 it is evident that critical value of the stability parameter is about 0.003. 
Below this number, the ice cover is predominantly thin, suggesting juxtaposition, and above this 
number the ice cover is predominantly thick, suggesting consolidation. Exceptions do arise, but 
these are probably attributed to an inaccurate estimate of the ice supply. For typical values of floe 
porosity and Manning's roughness the effective strength of the solid ice contributing to the frozen 
pack is about 700 kPa. This low value probably reflects the fact that the ice cover does not fail 
by crushing but by some other mechanism that does not allow for the full development of the 
crushing strength.

5.2.2.3 Ice Thickness If the cover forms by juxtaposition, its thickness should be close to the 
thickness of the pans that arrive at the head of the cover. Additional thickening can occur without 
consolidation due to the redistribution of the frazil. Very little is known about this process, except 
to say that the source of the redistributed frazil is in the high velocity areas, and the depositional 
zones tend to be low velocity areas such as backwater zones in the lea of islands or along the bank.

More is known about the characteristics of a consolidated ice cover. Work at the Peace River town 
by Neill and Andres (1984) and Andres (in press) has allowed for the characterization of the 
roughness and the internal strength of the consolidated ice cover. The roughness of the underside 
of the ice was found to be similar to the bed roughness and it was argued that it should be 
independent of the thickness because the characteristics of the interface is only determined by the 
characteristics of the frazil and the flow condition at the ice/water interface. That is, the ice 
roughness should be the same for both a juxtaposed ice cover and a consolidated ice cover. The 
work also showed that the coefficient of internal friction of a juxtaposed ice cover varied between
0.8 and 2.0 and averaged between 1.0 and 1.5. The lower value is more appropriate because the 
higher values are probably in part due to freezing in the pack. Figure 32 illustrates the range in the 
calculated dimensionless coefficient. Finally, the calculations suggested that the ice thickness in 
a consolidated cover was a function of the discharge, it varied between 1 and 4 m in thickness, and 
that the thickness estimates were in the same range as WSC measurements later in the winter.
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6.0 EFFECTS OF REGULATION

6.1 FREEZE-UP DATES AND ICE THICKNESS

As mentioned earlier, the effect of regulation on the date of freeze-up and hence the duration of 
the ice covered conditions is to generally delay the freeze-up date and reduce the length of time 
over which an ice cover is in place. This effect tends to be less noticable the further downstream 
one gets from the Dam. For example, at Peace Point, which is representative of Reach 1 there has 
been at most a one week delay in the time a stable ice cover forms. In fact, at this location, 
although the pre- and post-regulation freeze-up dates are different, it would be difficult to prove 
conclusively that this shift was dependent on more than just climatic effects. Regardless, after 
regulation, freeze-up in Reach 1 usually occurs during the month of November.

At Fort Vermilion, the date at which an ice cover forms is a function of the time at which the ice 
cover can stage over the Vermilion Chutes. This depends on the supply of ice arriving at the 
Chutes and the discharge. No data could be found on pre-regulation freeze-up dates, however if 
the model developed at Peace River town is used, one would expect that freeze-up in the reach 
probably occurred around the same time as at Peace River. After regulation, the data suggest that 
freeze-up can occur any time between the middle of November and late December. This same 
variability in the freeze-up date applies to the entire river upstream of Fort Vermilion, except the 
mean freeze-up date gets later in the winter as one gets closer to the dam.

At the upstream end of Reach 2 freeze-up usually occurs between late November and early January. 
In Reach 3 freeze-up occurs between middle December and early January. This is typically a 
month or two later than what was occuring prior to regulation. At Peace River (located in the 
middle of Reach 4) the date of freeze-up has been set back by anytime between one week and two 
months from the normal pre-regulated freeze-up date of late November or early December. At 
Dunvegan, the upstream end of Reach 4, freeze-up does not usually occur until early January, and 
on one or two occasions a stable ice cover has not formed at all.

The biggest impact on the time of freeze-up generally occurs upstream of the BC-Alberta border. 
For about 60% of the years, the ice cover has not progressed up to this location. When a stable ice 
cover does form, it only exists for about one month, or about 20% of the time prior to regulation. 
Table 9 summarizes this data for some salient locations along the river.

The ice thickness at any particular location is a function of the discharge and air temperature at the 
time of freeze-up. Thus it is difficult to prescribe a typical ice cover on a reach by reach basis. 
Even for a constant discharge, the daily variation in the air temperature will result in a different 
form of the ice cover, as defined by the stability equation, at different locations within each reach. 
Figure 33 illustrates the effect of air temperature and discharge on the cover characteristics for each 
of the reaches. It is evident that a juxtaposed ice cover should form in Reach 1 and 2 (downstream 
of the Notikewin River) under all discharges that one could expect from the Bennett Dam, 
regardless of the air temperature. This would produce an ice cover with a thickness of about
0.50 m (the thickness of the frazil floes) unless there happened to be a dramatic loss in stability 
because of a surge of ice and water from upstream.
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flow increase may be sufficient to destroy the ice cover downstream and cause a dramatic increase 
in both ice thickness and water levels downstream. At least two such events have been 
experienced at Peace River town in 1982 and 1992, and it would be expected that this phenomenon 
probably occurs each year at some location along the river.

A result of the effort by the ice cover to achieve some sort of equilibrium is that water levels, ice 
thicknesses, and discharges can change dramatically at any location along the river within 100 km 
of the ice front while the ice cover is in its formative stage. This makes it difficult even to 
estimate flows along the river during this period as well as determining minumum and maximum 
design flows for any number of physical and biological processes.

3�5� �������� 	�� 6������� ���� ��	��������� ��"���

It is beyond the scope of this study to evaluate the impacts of regulation on either habitat or flood 
levels, other than to illustrate the impacts the changed ice regime may have on the channel itself. 
These effects are most apparent upstream of the Vermilion Chutes. Certainly, the extent of the 
open water season has been changed dramatically in the reaches upstream of the Notikewin River. 
This will substantially decrease the opportunity for movement across the river, especially upstream 
of the BC/Alberta border where it effectively has been removed.

The very thick ice cover that forms in these upstream reaches potentially has an effect on the fish 
habitat in the shallow water zones around islands and near the bank. One of the effects of the 
deposition of large amounts of frazil is to narrow up the channel over the entire winter. The thick 
frazil tends to stay in place in the backwater areas and along the bank while the frazil thins out in 
the higher velocity areas. This becomes somewhat of a non linear process, and as the high velocity 
zones thin out, more flow is concentrated in those zones and less flow is evident in the shallower 
areas. Thus a "conduit" of relatively high flow exists in the centre of the channel, flanked by 
significant areas full of frazil with little or no flow. If one looks at a map of the channel planform, 
it will be evident which areas will exhibit large accumulations of frazil and where the main flow 
area will be. '

High water levels are generally associated with a thick ice cover. Again, in the reach upstream of 
the Notikewin River, to about Dunvegan, thick ice covers that produce high water levels can exist 
for relatively long periods of time (two to three months) compared to the duration of an open water 
flood with the same stage increase. This can result in a supercharging of the groundwater 
conditions along the margins of the river. A very visible example is West Peace in the town of 
Peace River (G. Fonstad, personal communication). At that location the high groundwater levels 
lead to the flooding of the basements of some of the residences. This can persists for much of the 
winter. It should be noted that the water loss from the river due to this phenomenon is very small 
during the surcharged condition and the effects of the high groundwater appear to dissipate after 
the ice is removed during breakup. There does not appear to be any apparent cummulative effects 
on the long term groundwater levels from the winter surcharging.
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7.0 SUMMARY AND RECOMMENDATIONS

This report has reviewed the processes by which an ice cover forms on large regulated and non- 
regulated rivers. Explicit equations and algorithms have been presented that quantify these 
processes. Work that had been undertaken previously on the Peace River was also described to 
provide a framework for the calibration of these algorithms for the Peace River in its regulated and 
non-regulated condition. The significant theoretical advances that were made include the 
development of a procedure to forecast freeze-up on a non-regulated river and the derivation of a 
stability relationship that uses both air temperature and discharge to determine whether a juxtaposed 
or consolidated ice cover will form. The latter development is important to characterize the type 
of ice cover that will occur on the Peace River under regulated conditions.

In addition to the work on the ice process, the hydraulic characteristics of the Peace River were 
evaluated for six distinct reaches between the Slave River and Taylor using the existing data base. 
The climatological characteristics of the basin were summarized, along with a description of the 
spatial and temporal variation in the flows for the periods before and after regulation.

The main results of the study are as follows:

1. Discharges following regulation are, on the average, about two to three times greater 
than those prior to regulation.

2. Prior to regulation, the river cooled from a maximum annual water temperature of about 
22°C to 0°C at the same rate as the declining air temperature. Ice began to form in early 
November, in most years, and an ice cover formed due to lodgement when the discharge deceased 
sufficiently to reduce the width of the flow by about 10%. A stable ice cover usually formed in 
early November at Peace Point and in late November or early December at Peace River. There 
is no data for Taylor, although the freeze-up probably occurred in early December.

3. After regulation, the high discharge of relatively warm water from upstream of the 
Bennett Dam has delayed the time of freeze-up and shortened the duration of the ice cover 
significantly in the reaches upstream of Fort Vermilion. At Taylor, and upstream of the BC/Alberta 
border, an ice cover is an exception rather than a rule. At Peace River, and downstream to Fort 
Vermilion, the freeze-up date has been delayed by as much as one to two months. Regulation has 
appeared to have only minor effects on the date of freeze-up downstream of the Vermilion Chutes 
and at Peace Point.

4. The ice cover downstream of the Notikewin River (Reach 1 and 2) generally forms by 
juxtaposition even after regulation due to the mild slope of the river. The ice cover thickness in 
these two reaches is only about 0.5 m thick, immediately after freeze-up and the stage increase 
associated with freeze-up is only about 1 to 2 m. The increase in stage is due mostly to the 
additional flow resistance of the ice cover. In the reaches between the Notikewin River and 
Dunvegan, where higher slopes are evident, either a juxtaposed or consolidated ice cover can form, 
depending on the discharge and the air temperature. For typical post-regulation discharges, the air 
temperature must be at least -30°C for a juxtaposed cover to form. To ensure that a juxtaposed
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3. More work is required to verify the stability criteria used in determining the dominant 
mode of cover formation. An important component of this work will be the unsteady simulation 
of a consolidation event, and ultimately the development of an unsteady model to simulate the 
upstream and downstream progression of the ice cover.

4. Some effort must be expended to explicitly model the formation of frazil ice flows. This 
is important to determine their ultimate thickness and porosity and is crucial to modelling the ice 
discharge, the thickness of a juxtaposed ice cover, and the redistribution of frazil under the cover.
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Figure 5 Adopted channel cross sections
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Figure 14 Examples of typical juxtaposed and consolidated ice covers.
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Figure 18 Measured water temperatures on the Peace and Smoky Rivers
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