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Hydro-Québec began in May 2009 the construction of the Romaine complex. The
commissioning of its four stations (Romaine-1 to Romaine-4) will span from
2014 to 2020. Maintaining accessibility to the ice cover on the 50 km reach
downstream of Romaine-1 was identified as an important commitment of this
project because this stretch is regularly used by snowmobiles.
The ice regime downstream of Romaine-1 will be modified by the increased flow
and water temperature during winter. Numerical modeling of the evolution of the
ice cover was performed using the model Mike-Ice numerical model, considering
present and future conditions of flow and water temperatures for a series of
twenty-five winters. The Mike-Ice model has previously been validated on a river
subject to similar water temperatures and flow conditions.
Measurements of water temperature at different locations along the river, aerial
photographic surveys, hourly automatic photos at fixed locations and satellite
images over several winters have been used to properly validate the model The
ice-in and ice-out, the extents of ice-free areas and the ice thickness were
properly reproduced in present conditions The simulations of future conditions
for several winters has predicted the areas that will always be ice-free most of
the time, the areas on which the leading edge of the ice cover varies back and
forth the air temperature and the areas where accessibility will be maintained for
a significant part of each winter.
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1 Introduction
Hydro-Québec began in May 2009 the construction of the Romaine complex, on the Côte Nord,
comprising four hydroelectric powerhouses that will produce an average of 8.0 TWh per year.
The creation of the four reservoirs and winter operations will increase the winter discharge and
affect the thermal regime of the river as well. Hydro-Québec is committed to maintaining the
traversability of the river along a stretch of 50 km long downstream of the Romaine-1
powerhouse, because this stretch is regularly used by snowmobiles.
A detailed study of ice conditions has been carried out to predict changes in ice conditions.
Special concern which affects the security of access to the ice cover, such as the ice-in and iceout dates, the ice thickness reached during winter and identification of areas where the extent of
the ice cover varies greatly during winter.
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The project and its problematic

The Romaine River is a tributary of the St. Lawrence River on its north shore, it drains a
watershed with an area of 14,500 km² at its mouth, and the mean annual flow is 327 m³/s. Under
natural conditions, the flow gradually decreases in winter from about 200 m³/s at the beginning
of December until a minimum value of 35-85 m³/s at the end of March. The peak spring flood
occurs in mid-May and reaches an average value of 1500 m³/s. The average winter freezing
index is 1400 ° C-days, but during the last two winters, 2009 and 2010, indices as low as 610 and
868 ° C-days were recorded. Winter usually starts in mid-November and ends in mid-April. The
water temperature reaches the freezing point at a date varying from early November to early
December, depending on the year. Except for small warm spells in the early season, the water
remains at the freezing point until the departure of the ice, towards the end of April. The river
has a width varying from 100 to 400 m, flow velocities are quite slow (between 0.2 and 0.5 m/s
for mean annual flow), but the waterline is punctuated by a few rapids and waterfalls. Ice cover
is formed mainly by the growth of border ice in early winter and remains in place until the ice
departure by thermal erosion in the spring.
Under future conditions, the power plant will be operated with a winter average flow of 275 m³/
s on the downstream part of the river, with daily variations form 200 to 400 m³ /s. The water
temperature at the upstream limit of the downstream reach will be from 1 to 1.5°C at the
beginning of winter and 0.5°C in January and February. In very cold weather, the water
temperature will drop to 0.2°C, but is also likely to increase during sporadic warm-ups in winter.
These changes in flow and water temperature may limit the extent of ice cover, its thickness,
duration and stability on the reach regularly used by snowmobiles. Numerical modeling of the
evolution of ice cover in natural conditions and after development has been carried out for a
series of twenty-five winters to assess the impact of these changes on snowmobile practice and
propose mitigation measures in risky areas. The reach covered by the model includes fifty
kilometers from the location of the Romaine-1 power plant and the mouth of the river on the St.
Lawrence River. Studies on the use of snowmobiles allowed to identify the main points of river
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crossing. Several measures and observations over the winters of 2005 to 2011 were used to prove
that the model reproduces the main ice features affecting the access by users.
3 The model
A one-dimensional flow model of the reach in the presence of ice has been developed to simulate
changes in water temperature, the generation of frazil ice, freeze-up and ice departure in the
study area for natural conditions and future conditions. The model used for these simulations is
the Mike-Ice model.
Hydro-Quebec, the LaSalle Consulting Group and the Danish Hydraulic Institute developed the
Mike-Ice model jointly. The model simulates ice formation in a stretch of river throughout an
entire winter season. At every time step and at every point on the river, it makes a full balance of
thermal exchanges between the water, the atmosphere, and stationary or moving ice. The net
balance between the gain and loss of heat brings about a change in water temperature, and then
frazil ice grains are produced and drift in suspension.
The model integrates the formulations describing every process responsible for the ice cover
dynamics, which are the:
 Supercooling of the water and production of frazil ice downstream from the point where
water temperature reaches 0°C;
 Rising of frazil ice grains and formation of ice pans on the surface;
 Upstream progression of the leading edge due to the juxtaposition of ice pans;
 Transportation of various types of ice under the stationary covers, deposition and
formation of hanging dams;
 Border ice cover progression from the banks towards the centreline based on the cooling
rate in contact with cold air, and flow velocity;
 Static ice cover thickness variations;
 Openings in the ice cover due to flow velocities in the presence of “warm” water (water
temperatures higher than 0°C) and/or during warm trends (air temperature and solar
radiation);
 Increase in water levels due to thermal covers and hanging dams.
The extent of a static ice cover is controlled by several processes. The thickness varies based on
heat exchanges with the atmosphere and with the underlying water when its temperature exceeds
0°C (thermal erosion). The leading edge may progress upstream due to juxtaposition of ice pans.
Border ice can progress towards the river centre depending on water temperature and heat loss to
the atmosphere (Michel et al., 1982, Svensson et al., 1989). Conversely, border ice can retreat
towards the shore due to thermal erosion where water temperature is above 0°C and local
velocity is too high. The local flow velocity during the retreat towards the shore depends a priori
on the water temperature and weather conditions, but no satisfactory formulation is available for
this mechanism, which plays an important role in the downstream retreat of the ice cover when
the weather becomes milder or when flow rates and/or water temperatures begin to rise. A
semi-empirical law has been adopted (Theriault et al., 2010).
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4 Validation
Since the model provides new formulations to describe the opening of an ice cover by thermal
erosion, the model has been validated using observations of water temperatures, levels water and
extent of ice cover on several occasions during the winter on a river subjected to water
temperatures above 0°C (Thériault et al. 2010).The model was first applied to a different river
with a lot of similarity in terms of flow, operating mode and water temperature. The model was
validated using a large number of satellite images allowing to observe the advance and retreat of
the ice cover in response to thermal erosion.
In 2011, a validation study has been conducted specifically on the Romaine river by studying the
departure of the ice in the spring. Observations are now available for several years since 2005.
Aerial photographic surveys are available at spring time for four winters. Water temperature
measurements at hourly intervals from 2005 to date allow us to define the ice-out date, as it is
closely related to the rise of the water temperature. From December 2010 to February 2011,
automatic hourly photographs at fixed locations were also used. The easily available satellite
images were not used because of the low resolution, which do not allow to locate precisely the
extent of ice cover, given the limited width of the river.
4.1 Validation with the ice departure observations
Photographic surveys were conducted on 3 May 2005, April 10, 2006, April 6, 2010, April 7,
2011 and May 9, 2011. These surveys indicated that the ice cover was almost absent from the
studied river reach in May 3, 2005, 6 April 2010 and May 9, 2011 while it was still intact at the
time of surveys in April 2006 and 2011. The model results are consistent with these
observations, as demonstrated by Figures 1 and 2 The plan view of the river is schematized by
straightening the meanders, given the I-D model. Ice cover appears white, while open water
areas appear black.
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Ice cover almost complete,
except on falls and rapids
(KP 16)

Figure 1:

Ice cover almost complete on April 10, 2006

Ice cover upstream KP 35
and ice free downstream

Figure 2:

River almost free of ice at KP 35, on April 6, 2010
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4.2 Validation with water temperature measures during the ice cover departure
Under natural conditions, in winter, the ice insulates the water from the cold air and keeps the
water at the freezing point. In spring, the water begins to warm up in the open area that have
subsisted all winter long. As a result, open water areas increase in size, and this in turm allows
more heat to be received by the water This process continues until the river is completely free of
ice. In spring, the changes in water temperature are thus closely related to the variation of the
surface of the openings. The water temperatures measured at various temperature sensors were
compared with values predicted by the model in the same locations during the warming period
that accompanies the departure of the ice. The figures 3 to 5 present the computed and observed
water temperatures during the ice departure for different spring periods since 2005. The water
warms up at the proper time, and the diurnal oscillations are well reproduced, an indication of the
correct simulation of the rate of opening of the ice covers.
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Water temperature at KP 16, spring 2010

4.3 Validation with the camera installed at KP 34.5
A camera was installed on top of a mast on the river bank at KP 34.5. This camera has recorded a
picture every hour of clarity, from 1 December 2010 to March 25, 2011. It allowed to monitor
changes in ice cover extent at that same location. The main features captured by the camera were
compared with the results of the numerical model.
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For instance, a warm spell and flood in early December has removed all traces of ice. Afterward,
from December 24, the border ice appeared and progressed to the center of the river while frazil
was seen drifting on the openings . The ice disappeared again in late December. In January 15,
the ice was limited to a thin strip near the shore. The results of the model and the photographic
observations are consistent. The border ice is growing rapidly between 16 and 18 January and
then progresses more slowly. Between 23 and 25 January, the channel is closing by juxtaposition
of drifting ice pans , and the upstream progression of the leading edge is correctly reproduced by
the model. Observations indicate that the river is closed January 25 in the morning, while this
occurs on the model on January 26.
The image of December 25 (Figure 6) shows the shorefast ice and the frazil drifting on open
areas. Figure 7 compares the photo on January 23 at 9 am with the results of the model in the KP
34.5. In both cases, the river is closed from one bank to another immediately downstream of
PK34,5 and is open at the PK 34,5. The frazil ice that drifts is clearly visible in the photograph.
The gray color on the schematic representation of the results also indicates a surface partially
covered with frazil. The shade of grey is proportional to the calculated density of frazil ice
covering the surface.
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Figure 6:

Shorefast Ice and drifting at KP 34,5, on December 25, 2010
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Open water
at KP 34,5
Downstream

Figure 7:
2011

5

Shorefast ice and main channel covered with frazil at KP 34,5, on January 23,

Implementation of the model to predict changes in ice conditions

The model was run to simulate twenty-five winters for natural conditions and after the
completion of the four projected powerplants. For future conditions, input flows result from
another model than optimizes the operation of the watershed, and water temperatures at the
outlet of reservoirs are from a numerical a 1D vertical model of thermally stratified reservoirs.
Under future conditions, since the water temperature from the power plant will always exceed
0°C, the river will always be free of ice over a distance of some five kilometers downstream the
plant. The water cools while flowing downstream, and an ice cover can be formed downstream
of PK 45. However, after several days of air temperature above the freezing point, a stretch of
twenty kilometers downstream of the plant may become ice-free , while the ice would remains in
place under natural conditions during a similar warm spell. Actually, it is the open area already
present downstream of the plant which allows the water to warm up when the air temperature
becomes positive, and this results in thermal erosion further downstream. With the return of cold
weather, ice cover will progress again further upstream. Since the ice cover on a stretch of
twenty kilometers may disappear at any time during the winter, Hydro-Québec has decided to
provide a permanent catwalk to allow safe crossing of the river.
The accessibility of the downstream portion of the river was investigated, with emphasis to the
locations of frequent crossing by snowmobiles, by considering that the river can be crossed if
there is complete coverage from one bank to another with an ice thickness in excess of 20 cm.
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The simulations indicated that the river in its 20 kilometers downstream stretch will remain
accessible in future conditions, but access will be delayed from one to three weeks in early
winter and shortend by about three weeks ahead of the spring. As was indicated in the
environmental assesment study, when extremely mild winters occur, such as that observed in
2009-2010, the period during which the ice cover allows access to the river could be reduced to a
single month. However, recent experience has shown that in natural conditions, the lack of snow
on the adjacent land and the premature departure of the ice cover would equally disrupte the
practice of this activity.
The accessibility varies continously from one place to another and from one moment to another,
and this is illustrated graphically on figures 8 and 9 which present for each location and each
time the frequency with which you can access the ice cover for natural and future conditions. For
example, PK 26, the river can be crossed from December 5 on average, but this date can be as
early as November 29 some years, or as late as December 27. Under future conditions, the
median date is December 18.

Figure 8:
conditions

Accessibility matrix between KP 51 and the mouth of the river, for natural
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Figure 9:
conditions

Accessibility matrix between KP 51 and the mouth of the river, for future

6 Conclusion
Under future conditions, ice cover between the Romaine-1 power plant and the mouth of the
river will be subjected to thermal erosion because the water temperature from the plant is above
the freezing point. The Mike-Ice model, which had already been validated by applying it on a
river of similar size and subject to the same thermal erosion, has been applied on the Romaine
River in present and future conditions. The process of thermal erosion, which under present
conditions is responsible for the departure of the ice in the spring, has been validated using
available observations on the Romaine river, collected from 2005 to 2011.
The capability of the model to properly represent the response of the ice covers to flow and water
temperature variations has been demonstrated by comparison of the computed openings into the
ice cover whith the ones observed on photographies, from aerial surveys or automatic camera,
and by comparison of the observed and computued water variaitons along the river.
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