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Abstract: Northern reservoirs, lakes, and rivers are often regulated for hydropower production, flood control, navigation, recreation, water supply, or a
combination of these purposes. Regulation can be inter-annual, seasonal, shortterm, or a combination of these depending upon the need to store or utilize
water. Using dams, spillways, and other water control structures to regulate the
flow and water level of rivers and reservoirs has several hydrological,
economic, and ecological effects. Regulation alters river ice regimes by
modifying the temporal and spatial characteristics of flow, water level, and
thermal regimes in a watercourse. Higher discharge from reservoirs, which may
include warmer water, during the winter season causes enlarged open water
areas, increased production of frazil ice, and more frequent formation of anchor
ice and hanging dams in downstream river reaches. Open water and weak ice
cover areas in lakes and reservoirs may be expanded by regulation. Reservoir
backwater or flow releases may create ice jams and associated flooding at sites
where there were no such problems prior to regulation. Restoration of the river
or stream by the removal of a water control structure and reservoir can eliminate
some problems, but create new problems in areas where environmental or
development conditions have changed. The effects of regulation on ice
conditions have been studied in many countries. Reviewed in this paper are
regulation-induced changes in river ice conditions, various impacts of ice
formation on the generation of hydro-electric energy, and some ice-related
considerations associated with dam removal and de-regulation

1. Introduction
River regulation is the act of controlling water levels or flow variability to meet human demands.
Seventy-seven percent of the 139 largest river systems in the United States, Canada, Europe, and
the countries of the former Soviet Union are strongly or moderately affected by regulation
(Dynesius and Nilson, 1994). River regulation is also extensive in China (Miao et al., 2015).
Many northern rivers and lakes subject to seasonal ice formation are regulated for hydropower
production, flood control, navigation, recreation, water supply, or a combination of several
purposes. Regulation occurs along both large and small northern rivers and lakes.
Flows and water levels can be altered by
dams, hydropower projects, and other flow control structures,
pumping, flow diversion, and other means of water extraction,
changes to the channel and flood plain of a river or stream, and by
construction of barriers to water flow onto a flood plain.
Regulation constructions differ in their layout, materials, structural design, and operation.
Therefore, different constructions can have very different influences on upstream and
downstream water levels and flow, particularly the magnitude, intensity, and duration of flows in
the channel downstream. Dams and associated water control structures can attenuate the
magnitude and timing of peak flow downstream, and create a physical barrier to ice movement.
Reservoirs and regulated lakes provide a pond for sheet ice formation and an area for water
storage and the deposition of sediment and ice.
Anthropogenic flow and water-level regulation of rivers and reservoirs have several
hydrological, economic, and ecological effects. One of the most visible effects of flow
regulation in northern countries is the change of ice conditions in rivers and reservoirs. Higher
discharge in rivers during the winter season causes enlarged open water areas and increased
production of frazil ice while the formation of anchor ice and hanging dams becomes more
frequent (Figures 1 and 2). The thermal regime of a river is changed by released heat storage
from reservoirs. The release of warm water from a reservoir together with the increased flow
keeps the downstream channel open. In the upstream channel, the backwater caused by a
reservoir may create freeze-up jams at sites where there were no such events prior to regulation.
Moreover, open water and weak ice cover areas in lakes and reservoirs may be expanded by
regulation.
The effects of regulation on ice conditions have been studied in many countries, especially in
Canada, the United States, Russia, China, and the Northern European countries. The purpose of
this paper is two-fold: to recognize the importance of the topic in northern countries, and to
present some key points about ice in regulated river systems. In cold regions, regulation affects,
and is affected by, ice formation, growth and breakup in multiple ways. This is discussed in this
paper under three headings: ice at dams and water control structures, ice in reservoirs, and ice in
regulated rivers. This is followed by a section on dam removal, which is a topic of increasing
significance as many dams are no longer required and (or) have reached the end of their design
life. The two sections before the concluding remarks highlight some of the effects of ice in
regulated rivers on hydropower generation and ecology.

Figure 1. Frazil formation downstream of a generating station. (Photo: Manitoba Hydro)

Figure 2. Anchor ice formation caused by increased flow in a small, regulated river.
In small rivers increased amount of anchor ice and hanging dams are the typical effects of
increased flow. (Photo: Pohjolan Voima Ltd.)

2. Ice at Dams and Water Control Structures
2.1 General
Some of the ice effects on dams and component / associated structures are listed in Table 1.
Table 1. Effects of Ice on Dam and Associated Components
Component
Ice Effect
Dams
Ice loads on dams and dam faces, staging/overtopping
Spillways
Frozen gates, ice loads on spillway gates, ice formation in
spillway tunnels, ice buildup from spray, ice impact forces on
gates
Trash Racks
Clogging by frazil or blockage by drifting ice
Intakes
Ice loads on gates, frozen gates
The ability to operate a spillway gate during the winter is critical for the safety of a dam or
control structure. For some structures, winter operation of a spillway may not be typical, but
maintaining the ability to operate the spillway may still be required in the case of an emergency
or to pass a mid-winter flood.
Operation of a spillway in the winter has many challenges. Gates that are exposed to the
atmosphere will typically freeze to the gate guides. Often the force to free a frozen gate exceeds
the capacity of the gate hoisting equipment (Gebre at al., 2013). To allow for winter operation,
the gates will need to be equipped with gate/guide heaters or be steamed free prior to operation.
During a winter spill event, mist or spray may freeze to surrounding structural, mechanical and
electrical infrastructure causing structural and operational concerns. (Figures 3 and 4).
Consideration of ice impact forces on spillway gates is important during winter/spring operation
of a spillway. Large ice pieces from a reservoir or forebay impacting a partially open gate or ice
buffeting from return currents and eddies on the downstream gate face may cause significant
damage. Static loads on spillway gates also need to be considered. Figure 5 shows crews cutting
slots in the ice cover immediately upstream of a spillway to minimize static loads on the gates.
Frazil ice control methods commonly used at hydroelectric power plants on small, steep rivers in
Hokkido, Japan, include (a) hydraulic control such as ice booms, ice fences, weirs, air bubblers,
and submerged mixers, (b) supply of warm water, (c) mechanical removal, and (d) chemical
coatings (Mineta et al., 2006). When using these control methods, it is necessary to determine
the installation locations and sizes of control works, taking into consideration the severity of the
frazil ice problem.

Figure 3. Buildup of several metres of ice on a deck from the spray of a spillway operated
during the winter. (Photo: Manitoba Hydro)

Figure 4. Looking down at ice buildup on downstream spillway piers and gate, temporarily
rendering the spillway gate inoperable. (Photo: Manitoba Hydro)
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Figure 5. Cutting slots in the ice upstream of a spillway to minimize static ice loads on spillway
gates. (Photo: Manitoba Hydro)

2.2 Ice Loads
Dams in cold regions are designed taking into account static/thermal and dynamic ice loads.
These loads are traditionally computed using empirical formulae as a function of the maximum
ice thickness in the reservoir (Gebre et al., 2014). Ice loading on structures has been the subject
of many publications. Riska (2014) states that ice action against structures can be considered in
terms of ice load and strength calculations based on ice contact with a structure, and in terms of
the process of ice failures against structures. Ice loading can be due to the static loads from ice
sheets in contact with structures or due to dynamic loads caused by moving ice sheets. Static
forces result from thermal expansion or contraction of an intact ice sheet or an applied steady
force. Dynamic forces result from the drag forces on floating ice caused by wind, current, and
streamflow. Dynamic forces are controlled by mechanical properties of ice with respect to
possible crushing, splitting, shearing, and bending caused by ice-structure interaction. Physical
properties of ice such as grain structure, density, and temperature and mechanical properties of
ice such as ice strength, modulus of elasticity, friction, and adhesion are described in a wide
body of literature (Frederking et al., 2014).
The size and shape of the structure, the ice conditions, and environmental driving forces interact
to create differing scenarios defining ice forces (Frederking et al., 2014). For vertical or steep
upstream faces of dams, failure usually occurs by crushing at the contact surfaces (USACE,
1999).
Most dam reservoirs in Canada are covered with ice sheets for significant periods each year. Ice
loads generated by the ice sheet or moving ice should be considered during analyses of dam
stability, and the design of dam appurtenances such as gates and spillways. Although dams have
been built and operated for many years in northern climates, the ice loads exerted on them are
still not fully understood (Comfort et al., 2003).
Considering the force that ice can exert on a structure is a function of structure width, ice
thickness, and ice pressure, the global ice force, Fg, can be determined as follows:
Fg

p hw

[1]

where p = the global ice pressure = f (ice strength, ice thickness, structure width),
h = ice thickness, and
w = structure width.
Attempts to evaluate global ice pressure based on measurements, physical model tests, numerical
modelling, and judgment have resulted in empirical equations found in national and international
standards for hydraulic structures (Frederking et al., 2014). Several of these equations involve
parameters of ice strength and aspect ratio (i.e. ice thickness to structure width ratio).
A safe, realistic, and practical design value for ice thrust against linear structures is required.
The Canadian Dam Association has recommended a value of 150 kN/m, but in practice lower
design values of ice thrust forces (~ 100 kN/m) have been chosen for smaller dams (Morse et al.,
2009). No known dam has failed due to static ice forces on the dam face (Morse et al., 2009).

The crystallographic structure of ice results in spatial configurations of the ice molecule atoms
according to preferential axes and planes that cause highly anisotropic behaviour, ranging from
ductile to brittle within a variable transition zone, depending on the strain rate and on whether
the specimen is under compression or tension (Bouaanani et al., 2004).
The mechanical properties of a reservoir ice cover are variable and complex, and difficult to
assess at its dynamic interface with the dam and reservoir boundaries (Bouaanani et al., 2004).
To consider the seismic response of concrete gravity dams during winter months to seismic
loads, Bouaanani et al. (2004) developed a two-dimensional analytical approach, which takes
into account the effects of an ice cover, the influence of water compressibility, and reservoir
bottom absorption. They propose a new boundary condition along the ice cover–reservoir
interface and assume both concrete and ice have linear, isotropic, and elastic behaviour.
Comfort et al. (2003) describes a nine-year investigation of the magnitude and distribution of ice
loads along the face of a dam. The highest ice loads were produced by a combination of ice
temperature and water level changes, with water level changes being an important ice load
generating mechanism depending upon how the dam is operated (Comfort et al., 2003). The
main factors controlling loads induced by water level changes include the amplitude and duration
of the water level change, with variations of water level about a mean level producing higher
loads than a mean water level increase or reduction or a one-time early-winter drop in water
level. Ice processes in a reservoir near a dam face subject to water fluctuations are complex
resulting in spatial and temporal distributions of ice forces against the dam as the ice-structure
connectivity changes (Morse et al., 2009). The main factors controlling thermal loading were
overall ice thickness, ice temperature changes over the full ice thickness, the thermal insulating
effects of snow cover, and load duration. Equations developed for predicting ice loads work well
for thermal loads, but are less accurate for loads produced by a combination of water level and
ice temperature changes.
2.3 Dam Failure
Dams and water control structure failures are more likely to occur during peak flow conditions
that often occur after the ice season. If dam failure occurs when an ice cover exists downstream,
the ice cover is likely to break up with the passage of the surge and add to the destructive force
of the ice-water mix downstream.
Tchamen et al. (2007) state the presence of ice has an important impact on river flow
characteristics and modify the behaviour of the propagation of a surge wave (as well as other
important hydraulic parameters) following a dam break. A dam break may create a surge of
water that lifts and detaches the ice sheet, which breaks into large sheets that move downstream
breaking as it interacts with the river banks and instream impediments to their movement. As the
ice cover fragments and moves downstream with the flood wave, much of the ice may become
stranded on low-lying flood plains and terraces along a river with the ice remaining in the
channel creating a potential for sequential ice jamming along the downstream river reach. The
interaction of ice with fast moving dam-break waves is complex and still involves considerable
uncertainties with respect to dam-break analyses.

Basic dam-break analysis requires simulation of reservoir drawdown after dam failure,
estimation of dam failure characteristics and evolution, and modelling of the flood wave through
the valley downstream. Of particular importance with respect to risk assessment is the effects on
water levels downstream of the dam. The presence of ice in northern rivers during the winter
season should be included in the analysis but the presence of ice is often ignored in dam-break
analyses (Tchamen et al., 2007). In dam-break analyses, river conditions (flows, ice cover)
during the winter months may be used as initial conditions and mechanical ice breakup assumed
as the flood wave propagates downstream (Tchamen et al., 2007).
Existing models for dam break, hydrodynamic, and ice jam hydraulics could be used sequentially
and perhaps in an iterative process that leads to a reasonable estimation of the risk of flooding
and ice damage to downstream structures. Reiter and Huokuna (1986) developed ICEDAMBRK
for dam-break analysis on a river with an ice cover, by using the modified DAMBRK model
(NWS unsteady hydrodynamics model). The location and thickness of ice jams were input
manually to the model (Tchamen et al., 2007; Reiter and Huokuna, 1986). Nzokou et al. (2011)
coupled a river-ice and a hydrodynamic numerical model to develop the model HYDROBEAM,
which can be used to find a simultaneous solution to both flow and ice cover models at each time
step using the Galerkin finite element method (FEM) and an iterative computation process.
HYDROBEAM’s performance was found to be adequate for the simulation of rivers with openchannel flow, passive (flexible) ice covers, and for stiff ice covers that respond as a beam on an
elastic foundation (Nzokou et al., 2011).
3. Ice in Reservoirs
3.1 Ice cover conditions in reservoirs
River flow regulation all over the world has given rise to many reservoirs, which change the
regime of a river and influence its ecosystem (Dolgopolova and Speranskaya, 2006). In larger
hydropower developments, there are usually several reservoirs. These are often based on natural
lakes, but they may also be artificial lakes formed by damming of rivers. Reservoir outflow is
controlled by technical structures. The height of regulation of a reservoir may vary considerably.
In some cases, the water level variation in a reservoir does not differ much from the natural
variation and it is then possible to use the term “regulated lake” instead of reservoir. In this
context, the word reservoir may also mean regulated lake.
The freeze-up of a reservoir will be delayed compared to that of an unregulated lake, due to
increased depth and surface area. Where changes in depth and area are large, the delay may be
considerable. Ice sheets form quicker on reservoirs than rivers due to the low surface flow
velocity, unless formation of a stable ice sheet is hampered by wind-induced wave action
(Rossinsky and Lubomirova, 1975). Once the reservoir is frozen over, the development of the
ice cover on the deeper parts will be less affected by regulation throughout the winter. As the
water level of a reservoir decreases, the ice cover will ground along the shore and on shallow
areas (Figure 6), resulting in the formation of cracks, especially where the terrain is steep or
uneven. The cracks may be covered by snow bridges, and thus represent a hazard to people and
animals. Due to fracturing along the temporary shoreline, there will be more water on the ice
than before regulation. If the reservoir water level is increasing during the ice-covered period, an
open lead may form along the shoreline. Such leads tend to form thin thermally grown ice

covers that are often covered with snow and hazardous to cross. Access to the main reservoir ice
cover can be difficult, gentle and smooth areas where the ice is less affected by the regulation
usually exist. Short-term regulation, which leads to rapid changes of the water level, aggravates
ice conditions and the ice cover may be inaccessible for long periods of time.

Figure 6. The ice cover in a reservoir will ground along the shore and on shallow areas when the
water level decreases. There may be cracks in the ice cover. From Asvall (2010).
Reservoir water temperature increases with depth in winter, as it does in unregulated lakes.
However, in reservoirs there may be local temperature variations at the sites of inflow and
outflow. Generally, the water temperature will be very close to 0 ºC at the interface between the
ice and water, and increase to between 1 and 4 º C in deeper waters. This range varies with
weather conditions, from place to place and from year to year, but there are normally small
variations during the same winter at the same place. Weather conditions, especially wind speed,
and air temperature before freeze-up, influence water temperature variations from year to year.
Water parcels from surface and deeper layers mix when passing through relatively narrow areas
where the water velocity and turbulence increases, in the same way as in natural lakes. This
effect is magnified in regulated reservoirs owing to larger through-flow and thus higher water
velocity. As the water level in the reservoir decreases, it may create significant currents in new
locations. These effects weaken the ice locally and result in new open leads (Figure 7).

Tuo et al. (2014) report on 2013-2014 temperature and ice conditions in Fengman Reservoir,
upstream of the 91.7 m high Fengman hydropower station on the Second Songhua River, China.
The observed data showed that heat distribution in the river caused temporal and spatial
variations in ice cover formation, growth, and decay. The observations revealed longitudinal
differences in water temperature that resulted in a variation of freeze-up dates along the 153-km
long reservoir. Inversion of the water temperature distribution under the ice cover, formation
and breakup of ice from upstream to downstream, spatial variations of ice thickness in the
reservoir with the thinner ice in the middle of the reservoir, and a relatively constant outflow
temperature were also observed (Tuo et al., 2014).

Figure 7. In reservoirs there are often open areas or weak ice at inlets, outlets, and straits. Red
and blue arrows indicate warmer and colder water respectively. From Asvall (2010)

The temperature of the water being released from a reservoir increases with increasing depth of
the intake, and may decline somewhat as the water level decreases throughout the winter and the
depth of the intake is reduced. The weather conditions at the time of freeze-up may also play an

important role. If the days after the initial turnover are cold and windy, water is cooled down
deeper due to more effective mixing of the water masses.
The ice cover may weaken at the locations of intakes and outlets of tunnels and power stations,
relative to its pre-regulation strength. The size of open water areas depend on discharge, depth
of outlets and intakes, local conditions and weather conditions. It is important to be aware that
intakes of tunnels can be located anywhere in the reservoir, and rarely at natural river mouths
where the ice cover is normally weakened on unregulated lakes. Sometimes intakes and outlets
are located at greater depths, away from the shore. Eddying currents that form near intakes and
tunnel outlets may swirl warmer water from deeper layers to the surface and weaken the ice or
even create open leads a good distance from shore, where one would not normally expect them
(Figure 7).
Ice conditions on reservoirs depend on the discharge and temperature of the winter inflow as
well as on water temperature and depth conditions in the reservoir. In most cases the winter flow
through reservoirs will increase with regulation, but in some cases it may be reduced. The
temperature of the inflow water is a key factor in ice cover conditions. If the inflow comes from
a river, the winter temperature will normally be close to 0°C. Higher temperatures will be
encountered in outflow from a deep intake from an upstream reservoir or an upstream power
plant.
Shen and Cheng (1984) present a heat balance equation for the bottom of an ice cover.
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= the heat influx from water to ice,
= conductivity, density, and temperature of the ice, respectively,
= the latent heat of ice melting, and
= the rate of ice thickness variation.

The heat flux of water to ice can be determined by considering the conductivity, density,
temperature, flow velocity, specific heat of water, and the heat transfer coefficient between water
and ice. Based on one year of observations along Fengman reservoir, Tuo et al. (2014)
determined the heat flux from the water to the undersurface of the ice to be 8.5 W/m 2.
3.2 Effects of "cold" and “warm” water inflows
Asvall (1974) describes the effect of cold and warm water inflow on reservoir ice conditions. She
defines the temperature of cold water to be 0°C – 0.2°C and warm water to be greater than 0.2°C.
If the intake is located in deep water, the cold inflow water will mix with the warmer water of the
deeper layers. Because of that, an ice-free zone may form at the intake area. If the intake area is
shallow and more like an extension of the river, there is no available warmer water to stir up and
the area will soon be ice-covered. In both deep and shallow reservoirs, the cold layer will
increase in thickness as the winter progresses. A cold surface layer of moderate thickness can
lead to earlier freeze-up, especially in cold weather with little or no wind. A thin cold layer will
soon be mixed with underlying warmer water and prevent ice formation.

Inflow of "warm” water occurs when water flows directly from another reservoir, through
tunnels and power stations. The influence on the ice cover is governed by the density difference
between cold (lighter) and warm (heavier) water. The influence differs between deep and
shallow reservoirs.
In deep reservoirs, warm inflow with considerable velocity mixes with somewhat colder
reservoir water in the inlet area. The energy is transferred to a larger volume of water and flows
through the rest of the reservoir in a restricted layer of low speed and fairly uniform temperature,
under a thin and cold surface layer that is practically at rest beneath the ice. This was concluded
from temperature measurements and observations of ice conditions presented by Devik (1964).
The slow moving water retains its temperature, almost unchanged until the end of the reservoir,
without noticeable influence on the ice. In narrow straits and shallow areas, however, "warm"
water will be forced to the surface because the flow velocity increases. In the moving layer, the
temperature increases gradually with depth. Large water volumes of relatively high temperature
can therefore flow through the reservoir without significantly affecting ice conditions. Studies
show that this occurs in several Norwegian reservoirs, including Norefjord (Figure 8).
Generally, the inlet area is more turbulent than the outlet area. Therefore, the ice conditions are
often more influenced by the flow at the inlet than at the outlet. Nevertheless, the ice-free area
near the outlet area will also increase with significant quantities of “warm” water flowing
through the reservoir.
In shallow and medium-depth reservoirs with a substantial inflow of "warm" water, large
quantities of water will be replaced during the winter. Flow of "warm" water in shallow
reservoirs has a significant influence on ice conditions, delaying or entirely preventing ice
formation on all or part of the reservoir.
Practically all energy from solar radiation in the spring is spent initially to melt the snow on the
ice cover of a reservoir (Dolgopolova and Speranskaya, 2006). Once the snow has melted, the
solar radiation penetrates through the ice, and warms the upper layer of water, thereby creating a
source of heat at the undersurface of the ice cover. Generally, ice breakage on the water
reservoirs occurs later than that on the river, with thermal processes and inundation factors in the
disappearance of the ice cover (Rossinsky and Lubomirova, 1975).

Figure 8. Water temperature conditions of increased flow of "warm" water in Norefjord River
(Devik, 1964; Asvall and Roen, 1974; Asvall, 2010). Water depth, ice thickness and water
temperature conditions at the flow of 60 m3/s water at a temperature of 2 °C.
The "warm" inflow mixes with colder lake water at the inlet and flows slowly through the lake
(marked with the blue) under a thin layer of colder water (shown in dark blue). To the left is an
average temperature in Norefjord, March 1956.

4. Ice in Regulated Rivers
4.1 General
Regulation-induced changes in river ice conditions are reviewed in this section. They generally
derive from modifications to the discharge hydrograph and the water temperature regime.
However, far downstream from a reservoir where water attains normal winter temperatures,
changes in ice conditions are solely caused by the modified discharge hydrograph.
4.2 Effects of the modified discharge hydrograph
Regulation alters river ice regimes (Starosolszky, 1990; Wigle et al., 1990; Majewski, 1996;
Xiaoqing et al., 1996; Difang et al., 1996; Sujuan and Zhanting, 1996; Sujuan et al., 2002;
Donchenko 1972; Rossinsky, 1975) by influencing both flow distribution and water level and
can be categorized as inter-annual, seasonal, short-term or a combination of these. Inter-annual
regulation stores surplus water during wetter years and releases it during drier years. This type
of regulation requires a relatively large reservoir compared to the sub-basin area. Seasonal
regulation, especially for hydropower production in northern regions, stores water during the
high inflow season, to be used for electricity generation during the winter, when the inflow is
low but the energy demand high. Both inter-annual and seasonal regulation reduces flow
extremes, creating less variable annual flow regimes.
Winter discharge and flow velocity in a river may be strongly modified by regulation. This
change affects the freeze-up process, which is known to depend on the magnitude of the
prevailing velocities.
Most instances of river regulation are for the purpose of hydropower production. As noted
earlier, the demand for energy is normally high during freeze-up and the regulated discharge is
often much higher than the corresponding natural discharge. This may result in: (a) enhanced
open water areas and frazil ice generation; (b) formation of thick ice covers instead of sheet ice
covers that form thermally or by juxtaposition; and (c) more frequent occurrences of anchor ice
and hanging dams. The higher discharge during freeze-up will delay the ice formation, and may
cause ice runs requiring the ice formation to start over.
Less frequently, the river winter flow may be reduced by regulation. This happens especially at
locations where the main flow is diverted to the power plant via a canal or a tunnel. Normally,
the reduced flow does not cause any special ice problems. However, at locations where the river
is wide and shallow, a significant reduction in flow may cause formation of aufeis.
An example of how regulation alters the seasonal distribution of flow is presented in Figure 9.
The figure shows the pre-regulated (historical), regulated and naturalized daily discharge values
for Peace River just downstream of the Williston Reservoir (Peters and Prowse, 2001). The
Peace is a Canadian river that originates in British Columbia but for the greater portion of its
length flows through Alberta. The reservoir is large compared to the basin area and the outflow
from the reservoir is almost constant during the whole year. Further downstream from the
reservoir, the effect of regulation on the flow distribution is less pronounced, mainly due to flows
from unregulated tributaries (Figure 10).

Figure 9. The pre-regulated, regulated, and naturalized daily discharge values for the Peace
River at Hudson Hope just downstream of the Williston Reservoir (Peters and Prowse, 2001).

Figure 10. Pre-regulated, regulated, and naturalized daily discharge values for the Peace River at
Peace Point located about 1150 km downstream from the Williston Reservoir
(Peters and Prowse, 2001).

The regulation of discharge on the Peace River has altered the freeze-up regime downstream of
the Williston Reservoir. The changes essentially result from the near three-fold increase in
freeze-up flows, an increase in water temperature from the reservoir, and an increase in daily
discharge fluctuations.
Prior to regulation, ice cover formation was initiated at several locations along the river (Acres,
1980). At the Town of Peace River, which is located some 410 km downstream from the
Williston Reservoir, a juxtaposed ice cover was generally formed in late November or early
December and resulted in approximately 1 m of staging. After regulation, a much thicker cover
generally initiates at a single location and progresses upstream, delaying the formation of the ice
cover at the Town of Peace by at a period ranging from 1 week to 2 months (Andres and Van der
Vinne, 1994). As this cover progresses through the Town of Peace River, water levels can stage
up to 3 m.
Carr et al. (2014) discuss the effects of winter flow release on the potential for ice formation, ice
jamming, and snow-slush blockage in the channel of Willow Creek and flood diversion channel
downstream of Ririe dam and reservoir, Idaho, USA. The initial flow release wave that lifts and
transports from the stream bed resulting in ice formation in the channel, and ice formation in the
floodway channel (which starts approx. 23 km downstream of the dam) were found to be critical
periods for increased flood risk (Carr et al., 2014). The temperature of the release water
determines if it melts the snow or aids in ice formation. The locations and rates of ice formation
in the floodway (flood diversion channel) depend upon the release of water from Ririe Dam, the
meteorological conditions, and the flow release rate (Carr et al., 2014).
4.3 Effects of reservoir heat storage on thermal regimes of rivers
The effect of a reservoir on the thermal regime of a river is also an important consequence of
regulation. Warm outflow from a reservoir together with increased discharge keeps the river
open for a considerable distance downstream (Figure 11). Parts of a river, which prior to
regulation, were ice covered may stay open for the whole winter. The length of the open area
depends on the discharge and temperature of the outflow and on local conditions.
The temperature of the water being released from a reservoir depends on the depth and size of
the reservoir, the discharge, and temperature of the inflow, and the design of the withdrawal
structure. In winter, the temperature of the outflowing water will be lower if it is drawn from a
higher elevation. In some cases, a power station may be equipped with several intakes which are
located at different heights. This makes it possible to use a higher intake, at least during part of
the winter, to reduce the temperature of the outflow relative to that from a deeper intake (Asvall,
2007).

Figure 11. Warm water flowing from a reservoir keeps the downstream river open through the
whole winter. View looking downstream. The canal downstream from the power station is
located on the left. (Photo: Kemijoki Ltd.)
Maheu et al. (2014) found that storage dams and run-of-the-river dams had, respectively,
significant and insignificant effects on the thermal regime of small rivers in eastern Canada. The
storage dams modified the magnitude and diel variability of water temperatures (Maheu et al.,
2014).
Ashton (1986, 2013) presents an equation for the estimation of the temperature response of a
river as presented below:
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= temperature of release water (oC),
= temperature of water at distance L downstream from a reservoir (oC),
= air temperature (oC),
= heat transfer coefficient between water surface and air (W/m2°C),
= fluid density (1000 kg/m3),
= specifc heat of water (4186 J/ kg-oC),
= flow depth (m),
= mean flow velocity (m/s), and
= distance along river, measured from the downstream end of a reservoir (m).

[3]

The downstream length of the 0 °C isotherm, L0 (m), can be determined as follows (Ashton,
1986, 2013):
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Underlying assumptions are complete vertical mixing of temperature in the river and heat
transfer from the open water surface to the air is related directly to the difference in air and water
temperatures. The possible formation of moving skim ice on the water surface will decrease the
cooling of water and it is not taken into account. T a is also assumed to be constant in time and
space but in reality will change.
The heat transfer coefficient, hwa, depends strongly on the wind speed and this has to be taken
into account when Equations 3 and 4 are used. According to Ashton (2013) hwa for a typical
wind speed (4.4 to 6 m/s at the 30 m level) is about 20 W/m2°C. By using this value for hwa and
assuming Tw,0 = 2 °C, U = 1 m/s, D = 2 m and Ta = -20 °C, from equation 4, we obtain the
location of the 0 °C isotherm to be about 42 km downstream from the reservoir.
These equations can only be used for quick estimates of the downstream water temperature or
the distance to the 0°C isotherm. For more accurate predictions, one would need to use a
numerical model.
4.4 Ice Jamming in Regulated Rivers
4.4.1. River ice jams: impacts and mitigation
Ice jams are blockages to flow that cause an increase in water levels and can result in flooding
and associated damages. Flood damages may include: (a) direct damage to infrastructure or
property; (b) indirect damages such as the costs of emergency measures, transportation delays,
and loss of workforce hours; and (c) intangibles such as stress, dislocation, and loss-of-life. Icerelated flooding is therefore a public safety issue. Ice jams can cause damage to or loss of
bridges by undermining of bridge piers or by uplifting or pushing a bridge’s superstructure
(deck) off its supports. In addition, ice jams can gouge river banks, scour river beds, and affect
aquatic ecosystems and species populations. Upon release of an ice jam, water and ice may move
downstream at very high velocity, potentially impacting downstream structures and endangering
nearby residents who have very little warning of the advancing wave. The effects of ice jams are
discussed in several publications, including Ashton (1986) and Gerard and Davar (1995).
Ice jams can form during freeze-up and breakup; the latter kind typically occurs in the spring but
can also occur in mid-winter as a result of a winter thaw (Beltaos et al., 2003). Other factors
being equal, the higher the discharge, the higher will be the water levels caused by an ice jam
(provided of course that the discharge is so high as to cause the jam to release). In unregulated
rivers, flow is higher at breakup than at freeze-up; therefore, breakup jamming is normally the
most severe.

Burrell (1995) divides ice-jam mitigation into three categories:
i. ice-jam prevention - preventive measures undertaken to eliminate or reduce the
likelihood of a damaging ice-jam event from occurring,
ii. flood-damage-reduction - precautionary measures undertaken to reduce the potential for
flood damages, and
iii. ice jam breaking and removal - remedial measures undertaken to alleviate flooding or
other problems once an ice jam has formed.
Burrell (1995) thus relates the prevention of the damages associated with ice jams to the broad
field of flood-damage-reduction, therefore, highlighting that the reduction of ice-related flood
damages may not only involve measures to control ice but also measures to control floodwaters
associated with ice-related events.
4.4.2. Upstream and downstream effects of regulation on freeze-up ice jams
Changes in winter discharge, flow velocity, and water temperature affect the freeze-up process,
which is known to depend on the magnitude of the prevailing velocities and water temperature.
Higher flow velocities mean thicker freeze-up jams and higher water elevations. Regulationinduced increases in freeze-up flows may delay formation of an ice cover downstream of a dam,
resulting in increased generation of frazil ice under certain weather conditions. This ice can form
severe hanging dams if it encounters a deep and flat river section as it is being transported by the
flow. A related case study of flooding on the Kaministiquia River near Thunder Bay has been
described by Beltaos et al. (2007). More recently, a four-fold increase has been reported (Chang
et al., 2016) in the frequency of freeze-up -jam flooding downstream of two dams, built in 1968
and 1986 in the Ning-Meng reach of the Yellow River (China).
During freeze-up, ice problems can occur at the upstream end of reservoirs (reservoir entrances).
Hanging dams of frazil ice deposits can occur where the steepness of the hydraulic grade line
changes abruptly, such as the upstream end of reservoirs (Beltaos, 1995). Freeze-up ice jams
often form at locations where the river slope changes from relatively steep to mild. This
situation may occur naturally, but is characteristic of the vicinity of reservoir entrances. Flow
velocity decreases abruptly at the upstream ends of reservoirs and the ice cover is initiated either
by static growth or by bridging of ice floes. Mouths of rivers flowing into reservoirs and
regulated lakes are natural locations for ice jams. In some cases, wind blowing along a lake may
also stop the ice movement (Beltaos, 1995).
The type of ice jam depends on flow conditions upstream of the reservoir entrance. Low and
moderate velocities lead to single-layer ice covers, but higher velocities may cause formation of
thick ice jams and hanging dams. Hanging dams can attain extreme thicknesses (e.g. tens of
metres) via accumulation of frazil ice produced in steep upstream reaches that remain open for
protracted periods or even for the entire winter. The water level of the reservoir may affect the
location and the thickness of any accumulations that may form.
Radoane et al. (2010) describe freeze-up ice jamming upstream of the Izvory Muntelui Reservoir
at the Bistrita River, which is located in a mountainous area of North-East Romania. The
conditions along the river are favorable for formation of frazil ice and frazil-pans. After the
reservoir became operational (1960) there have been several freeze-up ice jams along the Bistrita

River upstream of the reservoir. In the winter of 2002-2003 ice jams had disastrous effects for
the inhabitants of the villages on Valea Muntelui, including loss of human lives. Radoane et al.
(2010) indicated that at low reservoir levels, frazil ice moves downstream without jamming. If
the reservoir level is higher, an ice jam forms and propagates upstream, causing flooding. An
extensive hanging dam has also been observed in the reservoir downstream of its entrance.
According to Radoane el al. (2010), no ice jams were reported in the area before the start of the
operation of the Izvory Muntelui Reservoir. Related measurements and data were also reported
by Gaman (2014).
4.5.2. Upstream effects of regulation on breakup ice jams
Since incoming flows to reservoirs are not affected by regulation, one impact is to eliminate any
jams that would have naturally formed within the length of the reservoir. At the same time, the
reduction in water surface slope at the reservoir entrance can cause jamming when breakup ice
runs from upstream reaches of the river arriving at the edge of the still-intact reservoir ice cover.
For example, extreme breakup jams can form near Perth-Andover (New Brunswick, Canada), a
community located on both banks of the Saint John River, between ~21 and 27 km upstream of
Beechwood Dam. All but two of the 13 ice-jam related floods since 1887 occurred after
construction of this dam (1955). This is consistent with a recent quantitative assessment of the
potential for jamming near Perth-Andover: Beltaos and Burrell (2015) found that jamming
potential is considerably higher in the Beechwood headpond section (0 to ~30 km from the Dam)
than farther upstream. This result stems from the low water surface slope and large channel
width and depth, all typical features of reservoirs. A smaller control structure, located farther
upstream on the Saint John River at Grand Falls, also creates a headpond. Major, though less
destructive, jams are also known to form near the upstream end of this headpond (Beltaos et al
1994, 1996).
4.5.3. Downstream effects of regulation on breakup ice jams
Regulation for hydropower generation alters the downstream flow hydrograph: in cold regions,
the modified hydrograph comprises increased flows in the high-demand winter season and
reduced flows in the summer (Figures 9 and 10). The high flows and relatively warm reservoir
water combine to ensure that a reach of the river below the dam will remain open throughout the
winter. The length of this reach will depend on local hydro-thermal and climatic conditions; any
jams that might have naturally formed in this reach before regulation will no longer occur.
Farther downstream, the higher winter flows result in higher freeze-up water levels. The initial
ice cover may now comprise a surface or thickened accumulation of slush and ice floes, which is
stabilized by downward freezing of interstitial water near the water surface. Depending on flow
and weather conditions, this accumulation may collapse and re-form with higher thickness and
cause much higher water levels that may pose serious flood risks to nearby communities (Neill
and Andres, 1984; Andres et al., 2003). Though such collapses occur during the winter, they
result in limited breakup of the ice cover and the ensuing jams are of the breakup type.
Other factors being equal, higher freeze-up levels increase the resistance of the winter ice cover
to mobilization during the spring freshet. In turn, this may result in less frequent ice-jam floods
and more frequent “thermal” breakup events, which are characterized by extensive in-place
deterioration and melt of the ice cover with minimal, if any, jamming (Beltaos et al., 2006). This

effect may be respectively moderated or enhanced by increased or decreased spring breakup
flows. Warming spring weather and increased daylight duration reduce energy demand, and
thence the need for large reservoir water releases, though not to the same degree as in the
summer. Whether regulation has a positive or negative impact on spring flows may depend on
regional factors and year-to-year weather conditions. A good example is provided by Figure 10,
which applies to the Peace Point hydrometric station, where the regulated Peace River typically
breaks up in the first half of May. Naturalized flows (averaged over the period 1972-1996) are
slightly lower than corresponding regulated flows at the end of April, but the opposite applies to
the middle of May. It is difficult to discern in Figure 10 whether regulation has had an effect on
breakup flows, on “average”. In any event, such an effect appears too small to make any
difference in ice-jam flood frequency, which therefore would be dominated by the strong effect
on freeze-up levels.
It is not known whether this inference, which derives from the regulated Peace River, applies
generally to rivers in cold regions but is corroborated by experience in the regulated Ning-Meng
reach of the Yellow River (China). Chang et al. (2016) determined that construction of two
dams, in 1968 and 1986, has reduced the frequency of downstream floods due to breakup jams
by about 36% after eliminating the impact of climatic conditions.
Reduced ice-jam flood frequency is beneficial from the viewpoint of flood damages and direct
impacts on aquatic life. On the other hand, the ecosystems of the large freshwater deltas of
northern Canada depend on regular ice-jam flooding for replenishment with water, sediment, and
nutrients. In the case of the Peace-Athabasca Delta (PAD), it is jamming within the lower 100
km of Peace River that can raise water levels sufficiently for replenishing the higher-elevation,
or perched, basins (Prowse and Conly, 1998).
Figure 12 suggests that the frequency of ice-jam flooding of the Peace-Athabasca Delta (PAD),
has decreased conspicuously after completion (1968) of the W.A.C. Bennett Dam, which created
the Williston Reservoir. In this figure, frequency is by definition equal to the derivative, or
slope, of the graph. The indicated post-regulation halving of ice-jam frequency is consistent with
earlier estimates by Beltaos (2014). The gap between 1967 and 1972 is due to the fact that the
reservoir was filling up during the period 1968 to 1971, which therefore is not representative of
either regulated or natural flow conditions. The concave shape of the pre-regulation line
suggests a consistent frequency increase during the 20 th century. This may reflect the influence
of changing hydro-climatic conditions but could also be due, at least in part, to fading local
“memory” over time.
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Figure 12. History of large ice-jam floods of the PAD according to the comprehensive
compilation by Timoney (2009); the 2014 event is included. Frequency during 1950-1967 ~ 0.2;
during 1972-2017: ~ 0.1.
5. Ice Effects on Hydropower Generation
Ice formation and related processes in rivers and lakes/reservoirs influence the operation of
hydropower plants in cold regions. Frazil ice, anchor ice, ice runs, and ice jams can cause
operational constraints that lead to reductions in power production (Gebre at al., 2013). Meeting
ice-related challenges is an important and costly aspect of hydropower generation in cold
regions. For example, Raban (1995) indicated that a single utility (Manitoba Hydro, Canada)
loses tens of millions of revenue dollars per annum as a result of river ice processes.
Wigle et al. (1990) provide a detailed discussion of ice-related problems and practical solutions
for Canadian rivers, including many site-specific examples. More recently, Hou and Wang
(2008) discussed ice damage to water transfer projects in diversion-type hydropower stations of
the Xinjiang Uyghur Autonomous Region of China.
The major ice effects/problems on hydropower systems include:
• Intake blockage with frazil ice and anchor ice causing head losses and even complete
generating plant shutdown;
• Flow reductions to the intakes in the case of run-of-river intakes causing reduced output and
even complete shutdowns;
• Icing of structures especially gates (intake gates and spillway gates) that causes operational
and safety concerns in the case of spillway gates;

• Extensive frazil ice formation and jamming in open water reaches downstream of power
plant; and
• Operational restrictions on hydro-electric operators to avoid ice problems such as ice
jamming and flooding (Gebre et al., 2014; Gebre et al., 2013).
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The clogging of intake trash racks by accumulation of frazil ice and energy losses caused by
rising tailwater levels because of increased hydraulic resistance generated by anchor ice
accumulations are common ice problems affecting hydropower generation. Figure 13 shows an
increase of over 5m in differential pressure across a trash rack of the Kettle Generating Station in
northern Manitoba, caused by frazil ice accumulation during freeze up, before the generating unit
was forced out of service for several days to remove the blockage. Most of these problems with
frazil and anchor ice are minimized once a stable ice cover is in place. As a general rule, the
sooner an ice cover forms the better, because the cover reduces heat loss and greatly inhibits
further ice production. Depending on weather conditions, open water will generate 4-10 times
the volume of ice that it would under an ice cover during the winter (Wigle et al., 1990). Rapid
ice cover formation can be promoted with judicious flow regulation (Wigle et al., 1990; Sujuan
and Zhanting, 1996; Laifei, 1996; Tuthill, 1999). When the flow velocity is low enough, less
than 0.6 - 0.7 m/s, a single-layer cover forms by surface juxtaposition of ice floes. The
magnitude of heat flux from the water to the atmosphere dictates how quickly the newly formed
cover will stabilize by the freezing of interstitial water. Flow cutback alone may suffice to
enable ice cover formation, or it may be combined with other measures like ice-booms, dams,
weirs, channel modifications or special ice control structures (Jain et al., 2003). Flow reduction
at freeze-up may also be used to avoid flooding caused by freeze-up ice jamming (Tuthill, 1999;
Huokuna, 2007).
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Figure 13. Trash rack differential pressure during a frazil ice event at the Kettle Generating
Station in northern Manitoba.

Flow reduction at hydropower stations for freeze-up control also means reduced power
production at the time when consumption demand is high. For that reason, the duration of flow
cutback should be as short as possible. In the case of flood control, the lack of available
reservoir capacity may also constrain flow reduction (Huokuna, 2007). Water level and
temperature observations, flow and weather forecasts, and practical knowledge of the river are
needed to determine the correct timing and duration of flow reduction.
The flow rate has to be increased very carefully after the formation of the ice cover. Otherwise,
the newly formed ice cover may break up when the discharge is increased. To avoid potential
ice problems downstream of a power plant, hydro-power companies avoid intense short-term
regulation during the freeze-up period. Flow that is more constant is used to enable smooth ice
cover formation (see also Wigle et al., 1990). The increase of the strength of the ice cover with
time by freezing is an important factor in the stability of the cover (Andres, 1999).
Water may spill onto the ice cover, leading to formation of a layered snow-ice cover if the
discharge fluctuation is large. Inundation of the ice cover is especially probable if a rapid flow
increase is preceded by a few days of low discharge, for example during weekends when power
consumption is low.
Short-term regulation causing large variations in daily discharge is done to optimize power
production in response to actual or projected weekly and daily variations in power price and
consumption demand. A thin ice cover formed downstream of the power plant during lowdischarge periods may break up as a result of short-term regulation involving large flow
fluctuations (hydropeaking). This broken ice may contribute to the thickening of the
downstream ice cover and the formation of ice jams. In addition, uncontrolled short-term
regulation may increase the possibility for ice runs. Peaking operations also influence the ice
strength on regulated reservoirs. Thinner reservoir ice covers could lead to more frequent ice
breakups and contribute to a higher dynamic load on structures (Gebre et al., 2014). Given that,
fluctuating water levels can destabilize a fragile developing ice cover resulting in a severe freezeup ice jam and associated flooding, early winter is typically a time of severely constrained flowpeaking operations for hydropower facilities (She et al., 2012).
The effects of a hydropower plant on flow and ice regimes depend upon the type of facility and
its size. Dams with large storage reservoirs can alter the flow and temperature regimes, and thus
ice processes differently than run-of-the-river facilities. When water for hydropower generation
is diverted rather than stored, the effects of ice in the diversion and by-passed channels have to
be considered. For example, lower water depths in the by-passed channel may lead to freezing to
the channel bed as more of the channel is exposed to freezing temperatures (FERC, 1992).
NRCC (1988) describes Canadian experiences in solving problems that occurred (to 1988) in
operating hydropower plants in winter to obtain optimum outputs. Wigle et al. (1990) indicate
that a key constraint to hydropower generation in Canada is the need to avoid the breakup of a
newly formed ice cover downstream of a reservoir and subsequent formation of ice jams.
Operational restrictions on hydro-electric operators often exist to avoid ice problems, including

extensive frazil ice and breakup jamming in downstream stretches of the river and upstream
flooding caused by breakup ice jams at the upstream end of reservoirs, and associated flooding.
Climatic change is expected to change the ice regime thereby affecting hydropower production
in northern rivers. Gerbe et al. (2014) evaluated possible effects of ice to hydropower facilities
and operations under projected future climates, and found that changes in river and reservoir ice
regimes may have both positive and negative consequences. Although shortening of the ice
season would reduce the period required for operational constraints and ice mitigation, instability
in winter conditions could create new challenges with respect to hydropower generation (Gebre
et al., 2014).
6. Ice Effects on Ecology
The changes in ice regime caused by regulation may have several effects on ecology, especially
on fish. Both winter discharge and water temperature downstream of a dam are modified by
regulation and these altered conditions affect fish habitat. Higher discharge during winter
increase open water areas and formation of frazil ice, anchor ice, and hanging dams. According
to Jakober et al. (1998), the harshest winter conditions for fish may occur where incomplete
surface ice cover results in extensive frazil and anchor ice formation. Laboratory studies have
shown that frazil ice can stress rainbow trout and reduce their swimming capacity (Bergeron and
Enders 2013). Strongly fluctuating flows caused by hydropeaking operations may be especially
harmful for fish. They may lead to frequent ice cover break up events maintaining the river
without solid ice cover and enabling frazil formation. Strongly fluctuating discharges and water
levels may also increase the probability of fish stranding in dewatered channel margins
(Bergeron and Enders, 2013).
The increase of water temperature in a river may also have positive consequences. A hydropower
project with storage of sufficient depth could increase water temperature, thereby benefiting
stream biota in both the reservoir and downstream reaches (FERC, 1992). Less anchor ice
generally means reduced disruption of bottom substrate and less extreme fluctuations in stage,
discharge, and velocity to the benefit of fish, fish eggs, and insects for which the substrate
provides cover (FERC, 1992).
In some regions, a return to original reindeer migration routes would be almost impossible
because of poor ice conditions resulting from flow regulation (Tockner et al., 2009). Reduced
frequency of breakup ice-jam floods has been linked to the higher freeze-up levels of regulated
rivers, limiting an important habitat replenishment mechanism for floodplain lakes and wetlands
(Beltaos et al., 2006). Predicting the effects of hydropower projects on aquatic biota requires
comparison of observations of the physical and biological effects of stream ice in natural settings
with projections of how the facility will modify stream conditions (FERC, 1992).

7. Dam Removal and River Restoration
Dams have a profound influence on fluvial processes and morphology (Pizzuto, 2002), and the
response of a river channel to dam removal is complex (Grant, 2001).
The dynamic equilibrium established by a river since dam construction as a result of the effects
of flow regulation, natural events, and human activities in the watershed (such as flow diversion,
deforestation and urbanization) could be very different from the regime that existed prior to dam
construction (Vuyovich and White, 2007). Regime changes are especially evident for older
dams and for dams on tidal rivers (e.g. the Petitcodiac River in New Brunswick). Dam
decommissioning and removal will disrupt the established flow regime and could lead to
consequences that would not have occurred should the river have remained in a natural state
(Vuyovich and White, 2007). Dam decommissioning is therefore a complex non-trivial issue
that requires scientific environmental, engineering, and socio-economic analyses. Conynham et
al. (2006) provides an overview of engineering and ecological aspects of dam removal, presents
a list of the benefits and costs of dam removal, and identifies the data compilation and evaluation
that may be necessary to evaluate the consequences of dam removal and river restoration
alternatives.
Dam removal can modify the ice regime of a river by eliminating a barrier to ice passage thereby
allowing ice movement to downstream reaches (Carr et al., 2011; Tuthill et al., 2007; Vuyovich
and White, 2008). Removal of a dam on a steep river may result in a steep, turbulent reach that
produces frazil instead of the slower-moving impoundment that captured it. Frazil ice formed in
exposed rapids could flow downstream thickening downstream thermally grown ice covers,
posing a possibility of hanging dams. Broken ice previously held in place during breakup by the
dam and its headpond would be available to contribute to ice jamming downstream. Dam
removal thus can cause increased freeze-up and breakup ice jams downstream, change the
locations where ice jams form, and change the severity of ice-jam events (Vuyovich and White,
2008).
During the period that a dam was in place, the river regime and land use may have changed. For
example, Stantec (2015) found that since the construction of the Mactaquac dam on the Saint
John River, New Brunswick, there has been an increase in ice-jam flooding in the upstream half
of the headpond, and a decrease in the observed number of ice jams in the downstream half of
the headpond, and in the river downstream of the dam (Stantec, 2015). For dams that provided
major attenuation of downstream peak flows, the size and morphology of the downstream flood
plain may have reduced. Removal of these dams and re-establishment of greater peak flows to
the downstream channel could result in altered channel form and widening, bank erosion and
instability, increased flooding, and alteration and destruction of fish habitat (OMNR, 2011). The
quality, quantity, and transport of reservoir sediments after dam removal may also affect
downstream channel conditions and fish habitat.
Stream characteristics and aquatic habitat, and the population and development along the river
adjust to the conditions existing during decades the dam and reservoir are in place. The possible
effects of dam decommissioning and removal on upstream and downstream infrastructure need
to be considered. Removing a dam can result in changes in the ice and flow regimes that
may result in possible increases in ice jams, flooding or sedimentation in downstream areas.

Development and infrastructure, such as bridges, that were not considered susceptible to
damages caused by ice jams, ice runs and javes when the dam was in place may become
susceptible once the dam is removed. Lower upstream water levels and water table elevations
may also require the extension or relocation of water intake structures, sewage outfalls, and boat
docks and ramps, and the evaluation of the ice on these structures.
The removal or lowering of dam structures from a river channel has the potential to restore
and/or enhance fish habitat, but a net increase in fish habitat may not necessarily occur due to
changes to the channel form, reduced upstream water levels and increased downstream channel
flows resulting from the loss of the storage reservoir. Furthermore, reservoirs created behind
dams may have created new habitat preferable for different fish species than in lotic systems.
The overall outcomes of fish and riparian habitat impact assessments depends on the quality and
quantity of habitat existing when the dam and reservoir are in place versus the quality and
quantity of habitat which can be created both naturally and artificially following the dam
decommissioning (OMNR, 2011).
The potential effects of dam removal on ice conditions can be evaluated following the
compilation and review of historical records, channel geometry, hydrologic data, and climate
data. Historical accounts (newspaper accounts, photographs, and reports on past events) can
provide information on the location of ice jams and on their time and frequency of occurrence,
the length of the stretch of river contributing ice, and the resultant ice-jam stages and damages
(Vuyovich and White, 2008). However, minor ice jams can go unreported if their water levels
fall below perception stage (i.e., water levels are below flood levels the public considers
noteworthy), thereby giving an under-estimation of the frequency of ice jamming. The locations
of these minor ice jams may indicate locations of significant future jamming once the supply of
ice from upstream is restored following dam removal. Channel geometry also provides
information on possible jam formation as ice jams tend to form where channel cross-sectional
shape, river slope, or channel planform changes to affect the conveyance of ice. Estimates of the
range of ice thickness and discharges at which ice jams occur can be derived using
meteorological hydrologic data (Vuyovich and White, 2008). Climate data can be used to
estimate ice thickness based on the number of accumulated freezing degree-days, to estimate the
amount of thermal decay of the ice cover, and to estimate the seasonal occurrence of freeze-up
and breakup. Discharge records can be used to identify breakup flows, the flows required for ice
transport, and the effects of flow rates and changes in flow rate on ice processes. For example, a
slow rate of rise might be associated with snowmelt due to high temperatures that would also
cause deterioration of a sheet ice cover.
Once historic information, hydro-climatic data, and channel geometry has been evaluated, the
impact of a dam on the ice regime and the potential effects of its removal can be evaluated by:
• Hindcasting – a comparative review of the conditions that existed along the river before
the dam with the conditions that exist since dam construction.
• Threshold Evaluation – establishment of criteria with respect to ice conditions (e.g., ice
thickness), climate (e.g. antecedent changes in precipitation and temperature), and
hydrology (e.g., estimated discharge) that distinguish events with high flood stages from
other events.

•

Numerical Modelling – application of hydrodynamic (unsteady state) models to estimate
changes in ice processes and (or) hydraulic (steady-state) models to quantify estimated
stage resulting from ice jams.

Vuyovich and White (2007) found removal of the Merrimack Village Dam on the Souhegan
River would allow ice that currently stops in the impoundment to travel downstream to the
backwater area of the Merrimack River. A georeferenced HEC-RAS hydraulic model of the
Souhegan River was used to estimate ice-jam thickness and resulting water surface profiles for
ice jams for both pre- and post-dam conditions. The likely locations of ice jam formation were
determined from evaluation of historical information and channel morphology, and the ice
thickness, ice supply volumes, and discharges were estimated from historical meteorological and
hydrologic data (Vuyovich and White, 2007).
Chateauvert et al. (2015) discuss several aspects of large dam removal, including the effects on
the ice regime and possible mitigation measures. The natural ice regime has major effects on
winter flows, inundation of backwaters or riparian areas, dissolved oxygen concentrations,
sediment transport/deposition, and river geomorphology, but a dam changes the natural
processes in the river. They state that the ecological aspects of changes in river-ice processes
and characteristics have received little attention but the seasonal evolution of river ice,
particularly breakup and ice jamming, represent disturbance to aquatic and riparian habitat and
the organisms that use them.
Ice-related adverse impacts associated with dam removal can be mitigated through ice control
measures (White and Moore, 2002). Burrell (1995) highlighted that both structural measures
(the design of engineering structures) and non-structural measures, can be used to alleviate future
ice-related damages. He presents an overview of structural and non-structural ice-jam mitigation
measures under the three categories previously mentioned.
8. Concluding Remarks
A large part of northern rivers and lakes are strongly or moderately affected by regulation. Dams
and other forms of river regulation create unnatural river stretches into naturally free-flowing
rivers and streams, causing changes in river water levels, flow, sediment movement and
deposition, ecology and ice transport. Regulation alters river ice regimes by modifying the
temporal and spatial characteristics of flow, water level, and thermal regimes in a watercourse.
Higher discharge of warm water from reservoirs during the winter season causes enlarged open
water areas, increased production of frazil ice, and more frequent formation of anchor ice and
hanging dams in downstream river reaches. Open-water and weak ice-cover areas in lakes and
reservoirs may be expanded by regulation. Reservoir backwater or flow releases may create ice
jams and associated flooding at sites where there were no such problems prior to regulation.
Hydropower production is the main reason for river regulation and, by altering the natural
discharge, water level and water temperatures in the river, can cause significant changes to the
ice conditions. Hydropower production is also affected strongly by ice. Frazil ice, anchor ice, ice
runs, and ice jams can cause operational constraints that lead to reductions in power production
and significant economic losses.

It is reasonable to assume that the removal of a dam will alter hydraulic, thermal and ice
conditions in a river from those that existed during the time the dam was in place. Removal of a
water control structure can eliminate some ice problems, but create new problems in areas where
environmental or development conditions have changed.

Acknowledgements
The authors thank their respective employers for support in the preparation of this paper. The
paper was based in part on work done by Mikko Huokuna, Randi Pytte Asvall, and Mike Morris
on a proposed book chapter on ice formation in regulated rivers.

References
Acres Consulting Services Ltd (Acres), 1980. Dunvegan Power Project: Peace River Ice Study,
Final Report for Energy Resources Conservation Board, Calgary, Alberta.
Andres, D., 1999. The effects of freezing on the stability of a juxtaposed ice cover. Proceedings
of the 10th Workshop on River Ice: Winnipeg, Manitoba.
Andres, D. D. and Van Der Vinne, P. G., 1994. Effects of Climate Change on the Peace River,
Taylor to the Slave River, Mackenzie Basin Impact Study. Draft report for the Mackenzie
Basin Impact Study Adaptation Branch, Canadian Climate Centre, Edmonton, Alberta.
Andres, D., Van Der Vinne, G., Johnson, B., and Fonstad, G. 2003. Ice consolidation on the
Peace River: release patterns and downstream surge characteristics. Proceedings (CD
format), 12th Workshop on the Hydraulics of Ice Covered Rivers, CGU HS Committee on
River Ice Processes and the Environment, Edmonton, AB, June 19-20, pp. 319-330.
Ashton, G.D. (editor), 1986. River and Lake Ice Engineering. Water Resources Publications,
Littleton, Colorado, U.S.A.
Ashton, G.D., 2013. Chapter 2 Thermal Processes. In: Beltaos, S, (ed.). River Ice Formation. CGUHS Committee on River Ice Processes and the Environment, Edmonton.
Asvall, R.P., 2007. Selective withdrawal to reduce regulation effects on ice cover downstream
outlet of Alta power plant. 14th Workshop on the Hydraulics of Ice Covered Rivers,
Québec, Canada – 2007.
Asvall, R.P., 2008. Interaction between ice conditions and hydro power regulation over 100
years. The Norwegion case. 19th IAHR International Symposium on Ice, Vancouver,
British Columbia, Canada, July 6 to 11, 2008, Vol. 1, 659-666.
Asvall, R.P., 2010. Hvordan is I vassdrag dannes –og hvordan vassdragsreguleringer påvirker
isen i norske vassdrag. NVE Rapport 20/2010. (in Norwegian).
Asvall, R. P., and Roen, S., 1974. Experiences showing how increased w inter flow through
inland lakes influences ice conditions. Hydrological Sciences Bulletin, 9(I): 53--61.
Beltaos, S. (Editor), 1995. River Ice Jams. Highlands Ranch, Colorado: Water Resources
Publications, LLC.
Beltaos, S., 2014. Comparing the impacts of regulation and climate on ice-jam flooding of the
Peace-Athabasca Delta. Cold Regions Science and Technology, 108: 49-58.

Beltaos, S., Boyle, P. and Hryciw, K., 2007. 2005-06 ice-jam flooding, Kaministiquia River near
Fort William Historical Park. Proc., 14 th River Ice Workshop, apper no. a1, Quebec City,
June 19-22, CGU-HS CRIPE, Edmonton, Canada.
Beltaos, S., Burrell, B.C. and Ismail, S., 1994. Ice and sedimentation processes in the Saint John
River, Canada. Proceedings of IAHR International Ice Symposium, Trondheim, Norway,
August 23 - 26, 1994, Vol. 1, 11-21.
Beltaos, S., Burrell, B.C., and Ismail, S., 1996. 1991 Ice jamming along the Saint John River: A
case study. Can. J. of Civ. Eng., 23(2), 381-394.
Beltaos, S. Ismail, S. and Burrell, B.C., 2003. Mid-winter breakup and jamming on the upper Saint
John River: a case study. Can. J. of Civ. Eng., Vol. 30, No. 1, 77-88.
Beltaos, S., Prowse, T.D. and Carter, T., 2006. Ice regime of the lower Peace River and ice-jam
flooding of the Peace-Athabasca Delta. Hydrological Processes, 20(19): 4009-4029.
Bergeron, N., and Enders, E., 2013. Chapter 12 Fish Response to Freezeup. In: Beltaos, S, (ed.).
River Ice Formation. CGU-HS Committee on River Ice Processes and the Environment,
Edmonton.
Bouaanani, N., Paultre, P. and Proulx, J., 2004. Dynamic response of a concrete dam
impounding an ice-covered reservoir: Part I. Mathematical modelling. Can. J. Civ. Eng.,
31: 956–964.
Burrell, B.C., 1995. Chapter 7: Mitigation, In: River Ice Jams, Beltaos, S. (Ed.), Water
Resources Publications, Highlands Ranch, Colorado.
Carr, M. L., Daly, S.F., Hall, S. and Giovando, J., 2014. Ice Conditions during Winter Releases
at Ririe Dam. Proceedings of the 22nd. IAHR International Symposium on Ice, Singapore,
August 11-15, 2014, International Association for Hydro-Environment Research, Madrid,
Spain, pp. 663-670. . DOI: doi:10.3850/978-981-09-0750-1_1174.
Carr, M.L., Tuthill, A.M., and Vuyovich, C.M., 2011. Dam Removal Hydraulic Analysis and
Ice Control Alternatives. Proc. 16th Workshop on River Ice, Winnipeg, Manitoba,
September 18-22, 2011, CGU HS Committee on River Ice Processes and the Environment,
c/o Department of Civil Engineering, University of Alberta, Edmonton, Alberta, pp. 388398.
Chang, J., Wang, X., Li, Y., and Wang, Y., 2016. Ice regime variation impacted by reservoir
operation in the Ning-Meng reach of the Yellow River. Nat Hazards, 80:1015–1030.
Chateauvert, C.A., Linnansaari, T., Yamazaki, G., and Curry, R.A., 2015. Environmental
Considerations for Large Dam Removals. Mactaquac Aquatic Ecosystem Study Report
Series 2015-017. Canadian Rivers Institute, University of New Brunswick, 55p.
Comfort, G., Gong, Y., Singh, S. and Abdelnour, R., 2003. Static ice loads on dams. Can. J. Civ.
Eng., 30: 42–68, doi: 10.1139/L02-080.
Conyngham, J., Fischenich, J.C. and K.D. White. 2006. Ecological and engineering aspects of
dam removal— An overview. EMRRP Technical Notes Collection (ERDCTN-EMRRPSR-80), U.S. Army Engineer Research and Development Center, Vicksburg, MS, 9 pages.
http://el.erdc.usace.army.mil/emrrp
Dolgopolova E.N. and Speranskaya, A.A., 2006. Spring Ice Cover Melting at Lakes and
Reservoirs. Proceedings of the 18th IAHR International Symposium on Ice, August 28 –
Sept. 1, 2006, Sapporo, Japan, Vol. 1, pp. 77-83.
Devik, O., 1964. Present experience on ice problems connected with the utilization of water
power in Norway. Journal of Hydraulic Research, 2(1): 25 – 4.

Difang, X., Dezhu, Z. and Shusheng, W., 1996.
th Dispatching optimization for winter operation of
the Xigou hydropower plant. Proc., 13 International Symposium on Ice, Beijing, China,
August 27-31, 1996,, Vol. 2, 568-576.
Donchenko, R.V., 1972. Peculiarities of ice cover formation on reservoirs. Proc. Of the Banff
Symposium on the Role of Snow and Ice in Hydrology, pp. 564-574.
Doyle, M.W., Stanley, E.H., Luebke, M.A., and Harbor, J.M., 2000. Dam Removal: Physical,
Biological, and Societal Considerations. American Society of Civil Engineers Joint
Conference on Water Resources Engineering and Water Resources Planning and
Management, Minneapolis, MN, July 30 – August 2, 2000, ASCE, NY, 1-10.
Dynesius, M. and Nilsson, C., 1994. Fragmentation and flow regulation of rivers systems in the
northern third of the world. Science, 266: 753–762.
FERC, 1992. Report on Stream Ice Processes _Physical and Biological Effects and Relationship
to Hydroelectric Projects. Paper No. DPR-5, Office of Hydropower Licensing, Federal
Energy Regulatory Commission, Washington, D.C. 109 p.
Frederking, R., Shkhinek, K., and Barker, A., 2014. An Overview of Ice Loads on Structures. .
Proceedings of the 22nd. IAHR International Symposium on Ice, Singapore, August 11-15,
2014, International Association for Hydro-Environment Research, Madrid, Spain, pp. 1927. doi:10.3850/978-981-09-0750-1_1289
man C., 2014. Considerations on recent freezing phenomena on bistri a and bistricioara rivers
Present Environment and Sustainable Development, ISSN (Online) 2284-7820, DOI:
https://doi.org/10.2478/pesd-2014-0037
Gebre, S., Timalsina, N., and Alfredsen, K., 2014. Some Aspects of Ice-Hydropower Interaction
in a Changing Climate. Energies, 7(3), 1641-1655; doi:10.3390/en7031641.
Gebre, S., Alfredsen, K., Lia, L., Stickler, M., and Tesaker, E., 2013. Review of Ice Effects on
Hydropower Systems. J. Cold Reg. Eng., 27(4): 196–222.
Gosink, J.P., 1986. Synopsis of Analytic Solutions for the Temperature Distribution in a River
Downstream from a Dam or Reservoir. Water Resources Research, 22(6): 979-983.
Grant, G., 2001. Dam removal: Panacea or Pandora for rivers? Hydrological Processes,15:15311532.
Hou, J. and Wang, L., 2008. Study on Prevention of Ice Damage to Water Transfer Projects in
Xinjiang, China. Proceedings of the 19th IAHR International Symposium on Ice “Using
New Technology to Understand Water-Ice Interaction”, July 6 to 11, 2008, Vancouver,
Canada,. International Association for Hydro-Environment Research, Madrid, Spain, Vol.
1, pp. 691-702.
Huokuna, M., 2007. Ice jams in Pori. 14th Workshop on the Hydraulics of Ice Covered
RiversQuebec City, June 19-22, 2007, CGU-HS Committee on River Ice Processes and the
Environment, c/o Department of Civil Engineering, University of Alberta, Edmonton,
Alberta, Canada.
Jakober, M.J., McMahon, T.E., Thurow, R.F. and Clancy, C.G., 1998. Role of Stream Ice on Fall
and Winter Movements and Habitat Use by Bull Trout and Cutthroat Trout in Montana
Headwater Streams. Trans. Am. Fish. Soc. 127: 223–235.
Jain, S.C., Ettema, R., and Park, I., 1993. Flow regulation for controlled river ice formation.
USA Cold Regions Research and Engineering Laboratory, CRREL Report 93-3, Hanover,
NH., USA.
th
Laifei, Y., 1996. Ice regiems and its research on upstream of the Yellow River. Proc., 13
International Symposium on Ice, Beijing, China, August 27 – 30, 1996,, Vol. 2, 707-714.

Majewski, W., 1996. Ice problems during 25 years of operation of hydraulic project Wloclavek
on Vistula River. Proc., 13th International Symposium on Ice, Beijing, China, August 27 –
30, 1996, Vol. 2, 511-518.
Maheu, A., St-Hilaire, A., Caissie, D., 2014. The impact of dams on the winter thermal regime of
streams: progress report. Rapport de recherche R1506, INRS-ETE, III=32 pages.
Miao, C.; Borthwick, A.G.L.; Liu, H.; Liu, J., 2015. China’s Policy on Dams at the Crossroads:
Removal or Further Construction? Water, 2015, 7(5): 2349-2357.
Mineta, M., Usami, N., Yamazaki, M., and Hiyayama, K., 2006. Ice Control Methods for
Hydroelectric Power Stations in Hokkaido. Proceedings of the 18th IAHR International
Symposium on Ice, August 28 – Sept. 1, 2006, Sapporo, Japan. Vol. 2, pp. 161-168.
Morse, B., Stander, E., Coté, A., Morse, J., Beaulieu, P., Tarras, A., Noel, P. and Pratt, Y., 2009.
Ice interaction at a dam face. Proceedings -15Th Workshop on River Ice, St. John’s,
Newfoundland and Labrador, June 15-17, 2009, CGU HS Committee on River ice
Processes and the Environment, Edmonton, Alberta, Canada, 353-363.
Neill, C.R. and Andres D., 1984. Freeze-up flood stages associated with fluctuating reservoir
releases. Third International Speciality Conference on Cold Regions Engineering,
CSCE/ASCE, Edmonton, Canada. Vol. I: 249-264.
NRCC, 1988. Optimum Operation of Hydro-electric Plants during the Ice Regime of Rivers: A
Canadian Experience. NRCC 31107, Subcommittee on Hydraulics of Ice-Covered Rivers,
Associate Committee on Hydrology, National Research Council of Canada, Ottawa,
Ontario, 81 pages.
Nzokou, F., Morse, B., Robert, J-P., Richard, M., and Tossou, M., 2011. Numerical
characteristics of a coupled river ice and hydrodynamic model. Canadian Journal of Civil
Engineering, 38(4): 393-403, 10.1139/l11-009.
OMNR, 2011. Dam Decommissioning and Removal Technical Bulletin. Ontario Ministry of
Natural Resources, Toronto, Ontario, 31 pages.
Peters, D.L., and Prowse, T.D., 2001. Regulation effects on the lower Peace River, Canada.
Hydrological Processes, 15(16): 3181–3194.
Pizzuto, J., 2002. Effects of Dam Removal on River Form and Process: Although many wellestablished concepts of fluvial geomorphology are relevant for evaluating the effects of
dam removal, geomorphologists remain unable to forecast stream channel changes caused
by the removal of specific dams. BioScience 2002; 52 (8): 683-691. Doi: 10.1641/00063568(2002)052[0683:EODROR]2.0.CO;2
Prowse, T. D. and Conly, M., 1998. Impacts of climatic variability and flow regulation on ice
jam flooding of a northern Delta, Hydrological Processes, 12: 1589-1610.
Raban, R., 1995., An Ice Engineering Overview. Proceedings of the 8th Workshop on the
Hydraulics of Ice Covered Rivers, Kamloops, British Columbia, CGU-HS Committee on
River Ice Processes and the Environment, Edmonton, Alberta, pp. 225-232.
doane, M, Ciaglic, V. and R doane, N., 2010. Hydropower impact on the ice jam formation
on the upper Bistrita River, Romania. Cold Regions Science and Technology, 60: 193–204.
Reiter P., and Huokuna M., 1986. ‘Dynamic unsteady one-dimensional flow in ice-covered
rivers’, IAHR Ice Symposium, Iowa, pp. 15-26.
Riska, K., 2014. Ice Action on Structures. (Abstract Only). Proceedings of the 22nd. IAHR
International Symposium on Ice, Singapore, August 11-15, 2014, International Association
for Hydro-Environment Research, Madrid, Spain, page 4. Doi: 10.3850/978-09-07501_1350.

Rossinsky, K.I., and Lubomirova, K.S., 1975. The Effect of Hydro-Power Systems on ice and
Thermal Regimes of Water Reservoirs and Afterbays, Proc. of the IAHS Symposium on
the Hydrological Characteristics of River Basins, Tokyo, pp. 619-627
She, Y., Hicks, F., and Andrishak, R., 2012. The role of hydro-peaking in freeze-up consolidation
events on regulated rivers.
Cold Regions Science and Technology, 73: 41–49.
http://dx.doi.org/10.1016/j.coldregions.2012.01.001
Stantec, 2015. Mactaquac Project: Background on the Saint John River Ice Flow Regime, with
focus on the Fredericton River Reach. A report prepared for the New Brunswick Power
Corporation, Stantec Consulting Ltd., Fredericton, New Brunswick, 25 pages plus appendices.
Starosolszky, Ö., 1990. Effect of river barrages on ice regime. Journal of Hydraulic Research,
28(6), 711-718.
Sujuan, K. and Zhanting, C., 1996. Change
of ice regime in the Yellow River after reservoirs build
th
in the master system. Proc., 13 International Symposium on Ice, Beijing, China, August 27
– 30, 1996, Vol. 2, 675-680.
Sujuan, K, Wang, M. and Qimin, P., 2002. Ice flood characteristic and regulation plan during
initial freeze-up period of Wanjiazhai Reservoir. Proc. Of the 16 th International
Symposium on Ice, Dunedin, New Zealand (V. Squire and P. Langhorne, eds.), Vol. 1,
162-167.
Tchamen, G.W., Quach, T.T., Aubin, F., amd Mellado, A., 2007. CGU HS Committee on River
Ice Processes and the Environment 14th Workshop on the Hydraulics of Ice Covered
Rivers, Quebec City, June 19 – 22, 2007, CGU-HS Committee on River Ice processes and
the Environment, Edmonton, Alberta.
http://cripe.civil.ualberta.ca/Downloads/14th_Workshop/Tchamen-et-al-2007.pdf
Tockner, K., Robinson, C.T, and Uehlinger, U., 2009. Rivers of Europe. 2009. Academic Press
(|Elsevier), London.
Tuo, Y., Yun, D., Li, J., Li, K., and Li, N., 2014. Water Temperature and Ice Conditions in
Fengman Reservoir: Winter of 2013-2013. Proceedings of the 22nd. IAHR International
Symposium on Ice, Singapore, August 11-15, 2014, International Association for HydroEnvironment Research, Madrid, Spain, pp. 434-441. Doi:10.3850/978-981-09-07501_1106
Tuthill, A.M., 1999. Flow Control to Manage River Ice. CRREL Special Report 99-8, Cold
Regions Research & Engineering Laboratory, Hanover, New Hampshire, USA.
Tutthill, A.M., White, K.D., and Vuyovich, C.M., 2007. Ice Jams, Contaminated Sediment, Dam
Removal, and Bridge Scour on the Clark River, Montana. Proc. 14th Workshop on the
Hydraulics of Ice Covered Rivers, Quebec City, Quebec, Canada, CGU HS Committee on
River Ice Processes and the Environment, c/o Department of Civil Engineering, University
of Alberta, Edmonton, Alberta, Canada, pp. 388-398.
USACE, 1999. Ice Engineering. Report EM 1110-2-1612, U.S. Army Corps of Engineers,
Department of the Army, Washington D.C.
Vuyovich, C.M. and White, K.D., 2008. Evaluating the Impact of Dam Removal on Breakup
Jams. Proc. 19th. IAHR International Symposium on Ice, Vancouver, British Columbia,
July 6 to 11, 2008, International Association for Hydro-Environment Engineering and
Research (IAHR), Madrid, Spain, pp. 677-689.
Vuyovich, C.M. and White, K.D., 2007 Evaluation of Dam Decommissioning in an Ice-Affected
River: Case Study. Report ERDC/CRREL TR-07-18, U.S. Army Engineer Research and

Development Center, Cold Regions Research and Engineering Laboratory (CRREL),
Hanover, New Hampshire, USA, 48 pages.
White, KD and Moore J.N., 2002. Impacts of Dam Removal on Riverine Ice Regime. Journal of
Cold Regions Engineering, ASCE, 16(1): 2-16.
Wigle, T., Doyle, P., Fonseca, F., Mark, H., Parmley, L., Raban, R., and Robert, S., 1990.
Optimum Operation of Hydroelectric plants during the ice regime of rivers – A Canadian
experience. Prepared by a Task Force of the Subcommittee on Hydraulics of Ice-Covered
Rivers, National Research Council of Canada, NRCC 31107, Ottawa, Canada.
Xiaoqing, Y., Difang, X. and Wensheng, Z., 1996.th Ice conditions on the downstream of Xigou
Reservoir, the Gongbiela River. Proc., 13 International Symposium on Ice, Beijing,
China, August 27 – 30, 1996 .

