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ABSTRACT: This paper deals with the various mechanisms of formation 
of river and lake ice, the effect of ice cover, and the various 
mechanisms of breakup as they influence hydrological phenomena. 

A description is given of static ice formation including the 
formation of a primary ice layer starting as border ice along the 
shores of rivers and lakes. Dynamic ice formation is also described 
starting from the nucleation of frazil particles in supercooled 
water, accumulation to form slush and floes and, finally, formation 
of a continuous ice cover. 

The roughness of the ice cover and particular ice formations as 
elements controlling winter river stages are discussed. 

The breakup of rivers is briefly reviewed, as are processes of 
gradual melting and weakening of ice cover, the fracturing during 
rising water levels, and the sudden and jerky movement of ice floes 
down river. Also discussed is the longer process of melting in lakes 

RESUME: L'article traite des divers mécanismes de formation de la 
glace de rivière et de lac, des effets d'un couvert de glace et des 
différents mécanismes de débâcle en autant qu'ils ont une influence 
hydrologique. 

l'apparition d'une couche primaire de glace sur les rives des 
rivières et des lacs. 
originant de particules de frasi1 formées en eau surefroidie qui 
s'accumulent pour former la slush et des glaçons qui font finalement 
progresser un couvert de glace continu. 

particulières de glace qui contrôlent le régime d'hiver des cours 
d'eau. 

La débâcle en rivière est brièvement décrite ?i partir de la 
fonte graduelle des couverts de glace, de sa rupture sous les niveaux 
d'eau croissants et du mouvement soudain et brutal des glaçons dans 
un cours d'eau. On décrit aussi la fonte lente des glaces dans les 
lacs. 

La formation statique de la glace est décrite à partir de 

On décrit la formation dynamique de la glace 

On discute la rugosité des couverts de glace et les formations 

1. ICE FORMATION 

Two basic processes contribute to the covering of rivers with 
The first is static and might be called the shore ice growth ice. 

process, which may be further subdivided into shore ice growth by 
thermal exchanges only and shore ice extension by frazil flocks. 
Shore ice growth starts in areas of laminar flow along the banks. 
The ice cover starts from the colder material of the bank and prog- 
resses along the surface towards the middle of the flow. This type 
of growth may be further extended by frazil flocks which, because of 
their spongy nature, have a great tendency to cling to the irregular 
edge structure of shore ice. The second process is dynamic and 
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might be called the frazil ice evolution process, which starts with 
the supercooling of water and the production of frazil crystals, the 
latter gradually developing into slush and floes and finally forming 
a continuous ice cover. 

These two processes are shown on Figure 1 which gives a logical 
sequence of events leading to the main ice forms making an ice cover 

a. Static Ice Formation 

of laminar flow along the banks [3]. Because in laminar flow there 
is no intermixing of the top layer with the bottom layers, the tem- 
perature differences are important both in the vertical direction and 
horizontally away from the banks. The top layer adjacent to the bank 
goes through considerable supercooling while the average temperature 
of water in the middle of the river is still far above freezing 
point. Ice is nucleated, starting in contact with the colder (be- 
cause more conductive) material of the banks. This nucleation prop- 
agates on the surface towards the middle of the flow, forming a clear 
and solid ice sheet. 

The edge of this ice sheet finally comes in contact with the 
turbulent water, and its further progress depends only on the thermal 
atmospheric exchange, as compared with the temperature and turbulence 
of the water. 
the water is above the freezing point. 

For periods of intense cold there is a heat exchange relation- 
ship giving a combination of water velocity and temperature (of hy- 
perbolic form) that will permit the growth of shore ice [l]. This 
relation has the form: 

[I, 21. 

Shore ice is the first type of ice to appear in a river in areas 

By no means does the growth process stop just because 

- 
J;, - vw 

where C, is a constant, Vw and ATw are the water velocity and temper- 
ature difference above freezing, outside the boundary layer, and 
is the quantity of heat removed by the cold weather. 

this process at any water velocity if the temperature of the water is 
close enough to the freezing point. It is, however, a very slow pro- 
cess that can be somewhat accelerated when the water is carrying 
frazil flocks and floes. They cling in parallel rows to the growing 
dendrites at the boundary and form successive clearly marked layers 
in the solid ice sheet. 

Shore ice grows not only from the shore. It forms around 
emerging boulders or from anchor ice that has grown on a submerged 
obstacle in high velocity flow [4]. The ice island will take a 
hydrodynamic shape corresponding probably to an isothermal line in 
the flow. 

The shore ice growth process is dominant in smaller rivers and 
brooks and accounts for the formation of most of the surface of the 
ice cover. It is also this static type of growth that occurs in 
lakes in calm weather. Finally it is the only means by which ice can 
form and cover areas of high velocity flow in large rivers. 
b. Dynamic Ice Formation 

cannot explain the rapid progression of ice covers in the large 
rivers of northern countries. 

It can be seen from this formula that an ice cover may grow by 

Static ice formation is a slow process in flowing waters and it 

Dynamic ice formation begins with the 
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formation of frazil, which is one of the most remarkable phenomena 
of ice formation in rivers and lakes. 

Let us examine (Fig. 2) the evolution of water temperature along 
the axis of a section of river subject to temperatures below O°C and 
a constant rate of heat transfer per unit of surface over the section 
[5]. A given volume of water will be submitted to a rate of cooling 
until it is supercooled to the point where frazil crystals start to 
appear. Because water molecules intermix in turbulent flow, the 
water temperature, and consequently the crystallization process, 
takes place in depth over the whole cross-section of the flow. 

At the moment when the rate of water temperature change shows a 
decrease, ice crystals begin to appear and frazil is produced until 
the water temperature comes back up to 0°C at a gradually decreasing 
rate. During that time, individual crystals having the form of 
small circular discs agglomerate to form porous flocks whose volume 
depends on the degree of turbulence of the flow. 

During the frazil formation period a considerable reserve of 
exists in the supercooled water. The potential for particle 

growth is high which is why the particles form rapidly and agglomer- 
ate into flocks and slush. Frazil formed in that period may be 
called active frazil [6] to differentiate it from frazil that has 
already formed and evolved in water whose temperature has returned 
to the normal freezing point. 

For very high cooling rates of water (over l"C/hr) the tempera- 
ture curve does not return to the normal freezing point and residual 
supercooling is left in the body of water to account for the diffu- 
sion heat given by the growing ice particles [7]. These conditions 
are exceptional in nature, however. 

In the ideal case just discussed, frazil is produced indefinite- 
ly in the same zone and the point of origin is fixed. The zone of 
active frazil extends only for a few hundred feet. In nature, the 
principal difference comes from the continuous variation in the heat 
transfer process because of atmospheric changes; one most important 
aspect of this is abrupt and unexpected change in wind conditions. 
A continual lowering of air temperature provokes an upstream dis- 
placement of the frazil production front. 
during the day to increase the water temperature and cold enough at 
night to decrease it again, the same section of a river will produce 
a certain amount of active frazil every night. If energy losses due 
to friction at the foot of a rapid maintain the water temperature 
above O°C, the zone of active frazil formation may oscillate slightly 
around a point downstream of that rapid, and the supercooling of the 
water may sometimes last many days, in the same river stretch [8]. 

anchor ice. 
cooled, there is a strong potential for growth, and frazil particles 
stick and grow on certain materials of favorable crystalline struc- 
ture. 
and behind obstacles in flowing water. The frazil particles are 
deposited on and adhere to projections like stones and weeds on the 
river bottom. As these projecting bodies are in the supercooled 
water itself, the adhesive force is much stronger than it would be on 
a flat muddy bottom where the heat conducted from the ground prevents 
supercooling of the surface. 

its grow in the supercooled water and form transparent ice plates [9] 
which develop at various angles. 

If it is warm enough 

One ice form in the evolutive process of frazil formation is 
When frazil is being formed and the water is super- 

They are also deposited in separated no-flow areas in front of 

In river stretches with low flow velocity, these initial depos- 

In high velocity flow, growth is 
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practically impossible and frazil is shingled in a snow-like crust 
[lo]. Various types of anchor ice deposits are shown in Figure 3. 

It must be remembered that anchor ice can be produced only in 
supercooled water, which occurs frequently only at selected river 
reaches [ll]. When the sun comes up during the morning following a 
night of frazil formation, some anchor ice may float up. It looks 
like other frazil slush on the surface except that it contains dirt 
or debris. 

During the period of active frazil production ice crystals ag- 
glomerate to form frazil flocks of very low ice content. Once the 
water temperature has come back to O°C, the flocks of inactive frazil 
oscillate in the turbulent flow and those reaching the surface serve 
as nuclei for the regular growth of ice resulting from heat exchanges 
with the atmosphere. 

Inactive frazil evolves in a river [12, 5, 131 as shown in 
Figure 4. As soon as the flocks are formed they have a tendency to 
concentrate at the surface of the flow to form frazil slush, Their 
ice content is small and the total density of a flock is not much 
different from the density of water. The turbulence of the flow 
brings them successively to the surface for a while. New crystals 
are then formed on the side exposed to the air, without changing 
their external dimensions much. Interstices inside the flocks are 
closed up and they become lighter and concentrate more and more at 
the surface to form frazil slush. If the flow velocity is low, some 
stay at the surface long enough for a continuous layer of ice to form 
at their upper part, and finally ice pancakes are made, overtopping 
porous masses of frazil flocks. They take a saucer-like form because 
of collisions with neighbours. In the case of less turbulent flow, 
flocks concentrate more at the surface and ice floes form more 
rap id 1 y. 

If the flow is very fast, the flocks become denser and denser, 
forming frazil balls without the solid ice layer on top. If frazil 
can travel over long distances large ice floes develop, mainly by the 
sintering together of individual pancake floes. 

In lakes, frazil formation and evolution is essentially the same 
except that the driving force causing the turbulent flow is the wind 
instead of gravity, and frazil formation is limited to the 
epilimnion. 

sizable area of the water surface becomes covered with floating 
slush, ice pans, and floes. In deep sections with low surface ve?oc- 
ity, or between bridge piers, coverage may extend to 100 per cent of 
the surface, and the ice floes will press together and freeze to form 
a continuous ice bridge. The sectors susceptible to formation of an 
ice bridge from drifting ice can be determined with a continuity 
equation [14]. 

Once an ice cover has started to form it may progress very 
quickly by simple juxtaposition or piling up of incoming frazil slush 
and ice pans. In large rivers, as in low-velocity stretches of the 
St. Lawrence River, the ice pack may advance as much as 25 miles in a 
day [15]. 

can be computed and is given by: 

In rivers, if the ice is drifting over long river stretches, a 

The equilibrium of an ice floe coming in front of an ice cover 

Vs = K \I 2 g ( d )  P (1 - e ) h" (21 
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where Vs is the critical surface velocity and K a form coefficient 
that has been measured in the laboratory and the field [16, 171. 

p, p' = the densities of water and solid ice, respectively, 
g = the acceleration of gravity, 
e = the porosity of the ice pan, ie., the ratio of the 

volume of voids filled with water to the total volume 
of the ice pan, 

horizontal section as a reference. 
h' = the average thickness of the floe taking the maximum 

This formula shows that a frazil flock 15 cm in diameter sur- 
mounted by a small ice plate, with e = 0.8, will be drawn under an 
ice cover at a surface velocity close to O. 15 m/sec and that a big 
drifting ice pan at freeze-up, 0.3 m thick of solid ice, will become 
unstable at a velocity close to 1 m/sec. 

It has been shown that this condition of progression of an ice 
cover is not, generally a limiting one. 
pans may underturn and pile up under the cover until the cover is 
able to progress upstream at a determined thickness. This condition 
of stability can be studied and finally leads to [16, 181. 

The incoming frazil slush and 

where NFR is the Froude number, V and Y being the average velocity 
and water depth in front of the ice cover. 

It can be seen that the porosity of the ice accumulation plays 
an important role in the progression of ice covers. 
travels a short distance before reaching the upstream edge of the 
cover, the flocks will have a very high porosity. If the ice pans 
have travelled and thickened over long distances the porosity will 
be much lower. Even at the same river section drifting ice will have 
variable characteristics depending upon time and meteorological con- 
ditions. 

Figure 5 gives this limiting value of the Froude number for many 
rivers of different types [19]. Despite the understandable disper- 
sion of the data above because of ice porosity, Kivisild has proposed 
a critical Froude number: 

If frazil 

= 0.08 
"c (43 

The number corresponds to slush ice and pan accumulations of 
porosity 0.73 for average conditions of ice cover progression. 
believed [l] that in difficult conditions of progression with newly- 
formed frazil flocks the porosity might be as high as 0.9 as for 
newly-deposited snow. The corresponding Froude number is then 
N F R ~  = 0.05. 

When an ice cover is progressing with drifting slush and pans a 
solid boundary crust develops at the surface between the ice pieces. 
This solid part of the cover takes most of the hydrodynamic thrust 
[18] developed by the friction of the water flowing under the cover. 
Depending on the weather this crust is more or less thick and resis- 
tant. 
may, at times, become higher than the resistance of the crust and the 
cover suddenly breaks at a point of weakness with a loud rustling and 

It is 

In areas of high velocity flow and thick covers, the thrust 
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forms ice hummocks that locally may rise several Eeet above the water 
level [4]. These shoves are much facilitated by periods of thaw 
alternating with cold spells, and by high winds, whose influence is 
very great, as observed on the St. Lawrence River. 

time to consolidate in place at velocities higher than the critical 
one provided the discharge of ice feeding the cover is greater than 
the discharge that is being pulled under the progressing upstream 
edge. 

When the upstream edge of an ice cover reaches a section of 
river, such as the foot of the rapids, where the velocity is such 
that it cannot progress further upstream, slush and ice pans are 
forced to pass under the cover and are carried downstream until the 
velocity of the flow becomes low enough for them to be deposited on 
the underside of the cover. Ice accumulates and forms an underhang- 
ing dam as shown on Figure 6 reducing the flow section until the ve- 
locity gets high enough to carry it farther downstream. 
of velocity under which the ice pieces are deposited vary widely with 
the form and type of the ice. 

zones of low velocity flow below long rapids. 
dam lengthens, hydraulic losses become more and more important, the 
water level is raised upstream, the velocity lowers, and the ice 
cover can progress a little upstream [Zo, 211. 

It is interesting to note that nature floods out a rapid of a 
large river in winter by the long process of frazil accumulation 
under the ice cover and that it attains the same result in a swift 
brook by forming sills of deposited anchor ice on the bed, of the 
same origin, damming up the stream. 

The upstream edge of an ice cover may also progress and have 

The limits 

Large accumulations are thus formed over great distances in 
As the underhanging 

2. PROPERTIES OF THE ICE COVER 

We will discuss here briefly the structure of the ice cover, its 
growth, and its roughness at the ice-water boundary as if affects 
river stages in winter. 
a. Structure of the Cover 

The solid part of a continuous ice cover when viewed parallel to 
the growth direction can be divided into three basic ice layers [22]. 

Primary ice 
This is the first type of ice of uniform structure and texture 

which forms on a water body. 
skim which grows horizontally in the supercooled layer and is a few 
tenths of a millimetre thick, In turbulent water it may consist of 
frozen frazil slush which can be very thick. If nucleation by snow 
occurs, the resulting congealed snow slush would also be part of the 
primary ice. 

On a calm surface primary ice is an ice 

Secondary ice 
Secondary ice forms parallel with the heat flow which in most 

cases is perpendicular to the primary ice. Its structure is differ- 
ent from that of the primary ice and it may take the form of columnar 
ice, the texture of which is entirely controlled by the primary ice. 
It can also be in the form of frazil slush or snow slush, deposited 
under a primary ice layer, which after some time may become an inte- 
gral part of the ice cover. 
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Superimposed ice 
Superimposed ice always forms on top of the primary ice and is 

caused by flooding of the ice cover from any imaginable water source. 
If there is snow on the ice surface, snow ice will form. Figure 7 
is an example of an entire river ice profile as seen under polarized 
light. The superimposed ice layer is snow ice, the primary layer is 
frozen frazil slush, and the secondary layer is composed of columnar 
ice and frozen frazil slush. 

rectly to the meteorological events at time of formation and growth 
of the cover. 

The ice found on lakes and reservoirs is mainly of two types: 
snow ice and columnar ice, either of which might predominate in any 
one year [23, 241. By examining the secondary (columnar) layer it is 
almost always possible to determine the conditions of formation of 
the first ice skim. The three most important parameters are tempera- 
ture, wind, and mode of nucleation. If the water surface is undis- 
turbed, a small temperature gradient above the water surface will 
cause a slow crystallization, which will result in a preferred verti- 
cal orientation of the crystal's c-axis. Even if at nucleation the 
c-axis is originally at an oblique angle to the surface, it will 
become vertical because the growth direction is faster parallel with 
the basal plane than in the direction of the c-axis for a small 
amount of supercooling. This will cause the formation of a plate- 
like crystal that tends to float due to its geometry, thus causing a 
vertical-preferred orientation. Because solidification proceeds very 
slowly, the crystals tend to grow large. 
discoids develop into dendrites, and the interaction of the dendrites 
causes the crystal boundaries to become very angular and elongated. 

gin. Secondary ice will maintain the preferred vertical c-axis ori-- 
entation throughout its layer, even though the number of crystals de- 
creases exponentially with depth. 

gradient on a calm water surface, solidification proceeds much more 
quickly and there is also an increase in nucleation centres. 
sulting texture will be more complex. Crystals that are formed in 
water supercooled more than 0.9OC are needles and stars. 
with their c-axis parallel with the water surface and for all practi- 
cal purposes will remain in this position. The crystallographic ori- 
entation of the primary layer will be random; the shape will be very 
irregular, ranging from elongated crystals to plate-like ones. The 
angularity will be very pronounced due to the presence of the 
needles. 

vertical orientation to be added to a random one, which will eventu- 
ally become a preferred horizontal orientation. 
is agitated by a moderate wind, frazil will form in the supercooled 
turbulent surface water and may accumulate to form primary ice of 
congealed frazil slush. Grain size will be small and orientation 
will be random. 

Much hydrological information can be obtained from the presence 
of primary, secondary, and superimposed ice. This type of informa- 
tion is vital in evaluating and eventually predicting the mechanical 
properties of the various ice types which have a major importance in 
the formation of ice jams at breakup [25], 

The structure of crystals making up the ice cover is related di- 

Many of the platelets or 

This is the texture from which the secondary ice takes its ori- 

During formation of the primary ice under a large temperature 

The re- 

Some grow 

Variations in the two conditions mentioned above may cause a 

If the water surface 
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I b. Growth of Ice 
The growth of solid continuous ice in a river or lake, from heat 

exchange with the atmosphere, is not always the simple, straight-for- 
ward process that it looks to be at first sight. 

Let us consider the vertical static growth of ice in a river, or 
of an ice sheet in a lake formed from an initial skim. Transparent 
black ice then grows in the water. If we further take into account 
the effect of a snow layer on top of the ice sheet and assume that 
the temperature at the snow surface is the temperature of the air, 
the basic heat transfer equation of ice growth leads to: 

Ki - (ho -t - hs) "=\ S Yi KS 

in consistent units, where: 

Yi 
Ki is the coefficient of thermal conductivity of ice, 

Ks is the coefficient of thermal conductivity of snow, 
L is the latent heat of fusion of ice, 
h is the thickness of the ice sheet at time t, 

hs 
ho is the initial thickness of black ice, and 
S is the number of degree-days of frost: 

is the specific weight of ice, 

is the depth of snow, 

t S = J Ta dt 

(5) 

where Ta is the temperature of the air, "C. 

give ice thickness values in excess of what will be found in nature. 
Air bubbles trapped in the ice reduce its thermal conductivity. Solar 
radiations will be absorbed in the ice sheet which are not included 
in the heat budget. Finally a boundary layer at the ice surface 
makes the temperature of the surface ice a few degrees higher than 
the air temperature. This can be taken into account [26] by using an 
empirical coefficient a smaller than one in formula (5). 

Let us now consider the growth processes of snow ice on an ice 
cover (Fig. 8). It is very much different from black ice growth [l]. 
If the weight of a snowfall is sufficient it will drown the solid ice 
and water will move through cracks (thermal or others) to flood the 
ice. 

A rough computation shows that a very small amount of deposited 
snow (about half the thickness of the black ice sheet) is sufficient 
to stop the growth of black ice underneath. 
ally floods the ice of a river or small lake in snowy areas and a new 
type of ice called snow ice begins to form in the water-saturated 
snow layer. 

ice. This would give the lower limiting thickness of ice that may 
occur in nature when water is completely free to move through a 

It is obvious that, for many reasons, the above formula will 

A first snowstorm usu- 

One interesting limiting condition is the formation only of snow 
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fractured ice cover. This happens when: 

I L - h"in -i 1+ Ki/2Ks - 
where h'min is the minimum thickness of snow ice and h is the thick- 
ness of black ice that would have been produced under the same mete- 
orological conditions without a snow cover according to formula (5). 

Where an ice cover formed on a river by the accretion of frazil 
slush and pans is involved, the continuous ice will grow through 
these before a flooding snowstorm, and form an ice agglomerate. Snow 
will lie more easily on top of the rough surface of the cover. The 
water discharge in a river decreases considerably during the winter 
and the cover goes down with it, usually breaking along the shore. 
When there is an important frazil deposit underneath, the cover may 
stay on top of it and the frazil accumulation will refreeze as very 
porous ice. In northerly rivers that become practically dry in 
winter an ice bridge, empty underneath, may be formed. Figure 9 
shows an ice cover formation in a northern country [27]. 
e. Roughness of the Ice-water Boundazy 

Water stages in rivers with ice covers could be computed by di- 
viding the river into short stretches and applying to each a formula 
for uniform flow. Working from section to section a backwater curve 
can be traced in the same way as with the standard step 
free surface flow. 

under an ice tover. One that is widely used is 

method in 

Many formulas have been advanced to compute the head losses 
the basic Manning 

formula [2&]. 

where 
vo = 
Yo = 
s =  
nl = 
n2 = 

average velocity of the flow under 
water depth up to line of buoyancy 
slope of the energy gradient, 

Manning's roughness coefficient of 
Manning's roughness coefficient of 
surf ace flow. 

The roughness of a smooth ice cover varies 

the ice cover, m/sec, 
in the ice cover, m, 

the ice cover alone, 
the bed with free 

during the winter. 
At the beginning of winter there is usually some smali frazil deposit 
underneath that is gradually smoothed out so the roughness coeffi- 
cient decreases. 
increase the coefficient in certain cases, are formed on the under- 
side of the solid ice sheet. 

U.S.S.R [30] for the period 1936-1959 to determine the value of the 
roughness coefficient nl under an ice cover formed of ice 
accumulation. 

cover made up of accumulated floes was found to gradually diminish 
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An extensive compilation of hydrological data was made in the 
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during the winter period in nearly all cases. 
on some rivers the diminution happened rapidly whereas on others, 
slowly. Moreover, on the same river the coefficient dropped steeply 
in one year and gently in another. Thus, for example, on the 
Dniester River in the winters of 1950-51 and 1957-58 it dropped from 
an initial value of 0.07 to 0.08 to a final value of 0.008 to 0.012 
in only 15 to 25 days. The decreases of nl are determined, to some 
extent, by the properties of the ice material from which the accumu- 
lation is formed. When the cover is formed mainly from ice floes, 
it decreases more slowly than when it is formed from loose frazil 
flocks. However, the meteorological conditions play the principal 
role. Thus, let us assume that for some reason there are many open 
stretches on the river. If the winter is mild, with many thaws, then 
the water has time to warm up somewhat during the thaw, frazil ice 
melts, the roughness is smoothed out, and as a result the coefficient 
nl is rapidly reduced. On the contrary if the winter is cold, more 
frazil ice is produced, or the existing cover is not melted so 
quickly; as a result the coefficient falls slowly. If there are no 
open stretches the meteorological conditions have a smaller effect on 
the changes of the coefficient with time. 

It is significant that 

3. BREAKUP OF RIVERS AND LAKES 
a. Rivers 

The breakup of a river is divided into three phases, although 
one or two of them nay not fully occur in particular cases. These 
phases are the pre-breakup period, the drive, and the wash [31]. 

The pre-breakup period begins with the start of runoff on the 
watershed when solar radiation begins to melt the snow cover, even 
before the average daily air temperature has exceeded 0°C. The dis- 
charge of the river starts to increase, putting the ice cover under 
uplift pressure, with water moving at first on top of the ice. With 
increasing discharge, the ice cover fractures at various points. In 
the case of a reach of low velocity flow, this break occurs along 
both shores. The central part of the cover floats freely but the 
remaining bands of shore ice are flooded. In areas of higher flow 
velocity, the ice cover, or parts of it, is usually attached to 
numerous boulders on the riverbed. The water rises and floods most 
of the ice cover through numerous checker-patterned uplift cracks. 
Water then starts to flow onto the ice itself, the snow cover quick- 
ly melts, and a few pieces of fractured ice may succeed in detaching 
themselves and moving downstream on the remaining ice cover. 

As the discharge increases, and principally because of repeated 
small daily flood waves, ice pieces detach themselves in sections of 
the rapids and accumulate at the upstream end of the stronger float- 
ing ice sheet of the low-velocity reaches. The daily flood wave is 
more important in tributaries, than in the main river, and the ice 
moves down earlier to foxm accumulations in front of the solid parts 
of the ice cover of the main river course. These first smaller accu- 
mulations, with their supporting ice covers, may be called ice- 
reaches. A typical ice condition at the end of the pre-breakup 
period is shown in Figure 10. 

ly a mechanical process of destruction by the action of hydrodynamic 
forces acting on the ice cover. At the end of this first phase, the 
ice cover in zones of low-velocity flow is still amply strong and 

The causative mechanism of these first ice-reaches is essential- 
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well preserved from melting by solar radiations because of the snow 
cover or the snow-ice surfaces on top of it. 

combinations of river discharge and strength of the ice sheet. Let 
us first suppose, as an extreme case, that there is little snow on 
the watershed, that it melts slowly, and that there is no precipita- 
tion during the melt period. The river discharge will not increase 
sensibly, so it will not develop strong forces on the solid ice 
sheet of an ice-reach and the ice will slowly disintegrate in place 
until it becomes weak enough to be gently pushed through by the 
water. No appreciable drive will occur. 

usually occurs at breakup. 
on the watershed, the discharge increases considerably, and the tan- 
gential friction forces of water under the ice-reach become high 
enough for it to become unstable. The frontal accumulation breaks 
through the ice sheet and one complete reach is destroyed and the 
ice pack moves downstream [Fig. 10). 

stream, which may not have moved at the same time. The ice accumu- 
lates in front of this stable reach and a jam of unconsolidated ice 
floes forms at its upstream end. Depending on the site and the dis- 
charge conditions, this jam may be stable enough to stay in place. 
Ice jams may form at various sites along the river with increasing 
discharge , each jam being stopped by a more resistant jam priming 
site in a lower reach. 

eakening from thermal effects, one of the bigger jams gives way and )" ts impact carries all others along its course, freeing the river of 
ice in a matter of hours (Fig. 10). This general ice movement makes 
a grinding noise that can be heard well in advance of its coming. 
The ice accumulation moving down pushes on the parts of the ice cover 
that are still solid and breaks them into very large floes, which are 
rammed on the banks with a tremendous force to form heaps of ice. 
Some of these floes are projected into the air, then fall back and 
break. As they move downstream the floes are continually rotated, 
overridden, underridden, turned over, and broken up by impact with 
adjacent ones. Between the floes are smaller blocks and accumula- 
tions of remaining snow or frazil slush. 

ice cover, the determining factor is usually the river discharge. 
The advent of rain while the runoff is rapid because of frozen ground 
is a major factor affecting a general ice breakup. 

There are essentially two types of ice jam [31] that can form on 
a river stretch: the simple ice jam and the dry ice jam (Fig. 11). 
The simple ice jam is caused by the regular accumulation of ice floes 
in front of a solid ice cover. 
flows freely underneath the accumulation. 
manner, and produces a regular increase in water level along its 
length. 
impact of further oncoming ice floes. 
frequently. It is accessible to computation, prediction, and simula- 
tion on a model [l, 321. 

A dry ice jam is formed by the jamming of ice floes at an obsta- 
cle, which may be an existing ice accumulation or bed irregularity. 
The ice completely blocks the whole flow section down to the river 
bottom. The water has to flow by infiltration through the ice plug 

The next movement of the ice, the drive, depends on the possible 

But let us now look at the opposite case, much closer to what 
Rain or intensive melt is taking place 

This moving ice pack then approaches the next ice-reach down- 

Finally, with ever-increasing discharge and the ice cover 

Because most river breakups occur while there is still a strong 

It is of uniform shape and the water 
It is stable in a static 

It is destroyed by an increase in river discharge or by the 
"his type of ice jam occurs 
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and it will go out when the upstream water level increases suffi- 
ciently. It is practically unpredictable. 

The main factors affecting the formation of ice jams are the 
previous winter conditions, the water discharge at breakup, and the 
relative position of rapids, fluvial transitions, or other hydraulic 
features. 

like form are left along the shore. They attest to the shearing 
action of the ice pack and the maximum levels attained by the ice. 
Experience shows [31] that, after the drive, the spring flood cleans 
the ice floes left over on the banks and bordering lowlands. 

b. Lakes 

we will repeat below the accurate description given by G.P. Williams 
[33]. The ice first starts to melt on the shore because it is thin- 
ner there and because more heat comes from the adjoining ground sur- 
faces. A free water surface appears along the shoreline leaving the 
main body of ice floating free. At that time the ice cover still 
has considerable strength. Williams states: 

After the breakup, vertical walls of ice of smooth, masonry- 

The melting and breakup of lake ice has been well studied and 

During the second stage of melting there is melt of the 
snow and of the snow ice on the floating ice. 
water flows along drainage patterns on the surface and it 
drains to the open water at the shore-line or to holes 
that appear to develop preferentially along old thermal 
cracks. When the melt water drains away, the surface has 
a porous, white and crumbly structure which reflects solar 
radiation and retards internal melting. As the melt season 
progresses some melt water accumulates beneath the ice 
surface. A typical ice-cover profile will then consist of 
a shallow, porous surface layer 5 to 8 cm thick, a layer of 
water-logged ice several cm thick and then solid unmelted 
ice extending to the water. In the final stages, the 
underlying entrapped water layers result in darkened surface 
ice and most of the incoming solar radiation is absorbed. 

When the ice cover reaches the advanced stage of melt 
where it shows large patches of darkened ice, it is ripe for 
breaking by wind and currents and is unsafe for over-ice 
transportation. The currents created by strong winds will 
break-up the ice cover and induce circulation that brings 
the warmer subsurface water to the ice. This can cause 
rapid weakening and melting and indeed, the final disap- 
pearance of ice covers has occurred so quickly at times 
that early observers believed the ice actually sank. 
When the sun's radiation penetrates black ice it produces either 

The melt 

candle ice or salt ice by disintegrating the individual crystals of 
either columnar or granular type through melting at the crystal 
boundaries. 

4. CONCLUSIONS 

It is impossible in a short paper to cover all the aspects of 
river ice formation, growth, and breakup that are of hydrological 
interest, so we have covered the main phenomena in a more or less 
qualitative manner. One of the most important hydrological problems 
connected with the iYinter regime of rivers occurs at breakup. The 
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maximum levels attained by northern rivers in the spring occur most 
often at break-up time and not at maximum river discharge for ice- 
free flow so that flood control depends much on ice movement. Fur- 
thermore severe erosive action on banks or river works is produced 
by moving ice floes. 

there is little numerical data on'maximum water levels and erosive 
action corresponding to various characteristics of ice jams. It is 
well known that the two major factors affecting break-up are river 
discharge and ice strength for a certain river configuration. To 
our knowledge no numerical study of the interaction of these two 
factors has ever been made, even for a particular case. In fact 
there is little measurement at all of ice jam characteristics in 
rivers, which are indeed difficult to measure because of the insta- 
bility of ice cover at that time. 

poses remains the quantitative study of ice jams at break-up. This 
major challenge may probably be met by extensive studies in the field 
coupled with corresponding studies with models, where the ice could 
be simulated with various artificial materials. 

Although the processes of break-up are rather well described 

The major area of research of river ice for hydrological pur- 
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Fig. 1. Processes of ice formation in rivers and lakes 
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Fig. 7. River ice profile under polarized light 
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Fig. 8. First snow lying on a fractured ice sheet 
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Fig. 11. Types of ice jams 

DISCUSSION 

J. Martinec (Switzerland) - I refer to the flume experiments 
showing the formation of frazil ice. Could the effect of frazil ice 
on velocity losses be determined? 
of a Manning n = 0.008 for the water-ice interface mentioned in the 
paper. 
accurately measured. 

My other remark concerns the value 

This seems to be a very low value and I wonder whether it was 

E. Michel (Canada) - In answer to your first question, it was 
impossible to obtain numerical values €or the effect of frazil ice 
on head losses in the flume because frazil cycles lasted only about 
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two minutes, which is too short a time to make the necessary 
measurements. 

The value of n = 0.008 for the water ice interface applies to 
very smooth ice covers. This value does not apply when frazil de- 
posits under the ice cover create a rough surface or during the 
spring-melt period when thermal erosion produces a rough undersur- 
face. 

K.S. Davar (Canada) - The problem of resistance to flow under 
an ice cover is an important matter of concern to river engineers. 
The nature of the undersurface of an ice cover can vary from being 
very smooth like a glass surface to having very large undulations, 
individual corrugations, reaching perhaps a metre in height. For 
such conditions, the resistance offered by the corrugated undersur- 
face of the ice cover dominates the flow regime. 
little quantitative information is available for design purposes. 

of New Brunswick, Fredericton, to obtain such design information. 
The experiment has been set up in a flume in which artificial 
roughness elements having different heights and spacings have been 
used under the channel cover to simulate corrugations under an ice 
cover. 

The design information is being used in an attempt to develop a 
graph similar to the Stanton-Moody type of diagram showing the rela- 
tionship between the friction factor, the Reynolds Number, and Rela- 
tive Roughness. This approach is commonly used in modern fluid 
mechanics and is considered superior to the Manning factor for esti- 
mating the resistance under given conditions. 

However, very 

A research project is currently in progress at the University 

C.R. Neill (Canada) - Ln your opinion or experience, does a 
contracted section of a river-for example, at a bridge-where the 
width is reduced and the velocity increased, increase or decrease 
the probability of ice-jam formation during spring break-up? 

B. Michel (Canada) - A contracted section of a river increases 
the boundary resistance and also creates favourable conditions for 
a dry ice jam. Our laboratory experience with models and field ob- 
servations indicate that contracted sections do increase the possi- 
bility of ice jams. It is our belief that the construction of 
bridges is a major factor affecting ice jams in northern rivers. We 
are presently doing a study of the spacing of bridge piers to obtain 
the best design for bridges at sites subject to ice jamming. 

W.F. Weeks (U.S.A.) - In Figure 5 you utilize a critical Froude 
Number to discriminate between conditions where incoming ice will be 
incorporated at the upstream edge of an ice cover and conditions 
where the ice will be swept beneath the cover. As you remark in 
your text, there is considerable dispersion in the plot and you sug- 
gest that this may be explained by variations in the porosity of the 
ice. 
under conditions where the ice porosity is constant? If so, is the 
dispersion still so pronounced? 
that work should be directed to developing an improved criteria for 
discrimination. 

Do you have experimental data on artificial ice-cover growth 

If it is, it would suggest to me 

B. M-zkheZ (Canada) - We have done some experiments with models 
of ice jams, in which a material that simulates ice of a constant 
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density was used. These tests tend to confirm that porosity is one 
variable causing the dispersion shown on Figure 5. Other factors 
may, however, contribute to the variability found under field condi- 
tions. 

G. Tsmg (Canada) - inis is in reference to Mr. Neill's com- 
ment. From field experiments in southern Ontario, we found that a 
contraction in a river could be either a favourable or an unfavour- 
able factor contributing to ice jamming. We also found that, prior 
to break-up, if the rate-of-stage variation of the river was suffi- 
ciently large to exceed the elastic limit of the ice cover, cracking 
of the ice cover occurred which helped in the break-up of the ice 
cover at the contraction and consequently helped avoid ice jamming 
at the contraction. On the other hand, if the stage variation is 
small, then the deformation of the ice cover will be plastic and the 
ice cover will remain in one piece. Under such cases, the resis- 
tance at two contractions will remain large and favour the formation 
of an ice jam. 
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