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ABSTRACT: Streams and small rivers drain relatively small watersheds and are dominant in the
headwater regn of large drainage systemGlobally, their cumulative length is aorder of
magnitude superior to the length of larger rivers and, despite their limited width and depth, they
can generate significant flooding and severe damage. Streams that have shaped, but also adapted
to valleys of hilly topographpresent highly varisle morphologies and hydraulic conditionseov
relatively short distance#\ source and a consequence of this diversity is the great variety and
relative intensity of ice processes taking place in their channel during the cold.ddasb of

these procegs, passive or dynamic, can generate flooding urspecific, but common
hydrometeorological condition3he rise in water levels along streams in hilly and mountainous
regions(gradient above 0.1%g not only associated with an increased channel roughibetalso

with partid to complete channel blockag€heir unique winter hydrological regime deserves a
special consideration in flood analyses and mitigafitwis paper presents an overview of distinct

ice processes taking place in small and steegras@nd it illustrates, using quantitative examples,
the preponderance of high water levels and floodirents during the cold seasémpproaches to
determine the frequency of icelated floods are comparedttmse applied téarger rivers This

paper $ relevant to river engineers and scientists working above 40 dejdagtude. While it
emphasizes flooding issues, it is also of intereBtitoal geomorphologists as well as aquatic and
riparian biologists
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1. Introduction

A combination of the natural variability of hydrological processes, the impact of climate change,
and humandevelopmenin flood-prone areas has resulted in greater flood damages around the
globe in recent years. In Canada, this has led to an accelematethmental effort to delineate

flood hazard areas along watercourses. Research and technical groups have been formed and
funded to define statef-the-art techniques to delineate flood hazard, to quantify flood risk, and

to lessen flood damages.

Prior publications of this research group W@emphasized that igam floods should be considered

in the delineation of the flood zone in dalegions(Burrell et al., 1995Kovachis et al., 2007

This effort was inspired by the known fact that the frequenagegiimtinduced high water levels

is oftenconsiderablend, at many locations, greater than the frequency of open water high water
levels (Beltaos1995 Humes and Dublin, 1988 uthill et al., 199% In addition to the flood
elevation, ice jams are alsssociated with the presence of drifting ice floes on the flood plain,
which increases the damage potential to infrastruckoegchis et al., 200)7and therefore affects
what is defined as the global flood risle.,the frequency of high water levelsuitiplied by the
exposed vulnerability.

Small watercourses of highly variable sizes and morpholdgiesnateheadwater regions of large
drainage systems and small coastal watersheds. Despite their relatively limited width, depth and
carrying dischargehey can generate significant flooding and severe damage. In cold countries, a
broad diversity of intense ice processes often result in the blockage of stream and small river
channels, especially if steep, causing water levels to rise above the banke)eespite the low
discharge. These processes cause water and ice floes to spcethe dlood plain, and can lead

to formation of ice (a few centimetres to many metres thick) outside the channel margin.

The present paper focuses on the winter dynaoficssnall watercourses, which are commonly
referred to as streams and small rivers. The characteristics of small watercourseprame sses

are described in the neséctions This is followed bya discussion of the hydraulic effects of ice
processesral of flood hazard and risk delineatiof.positive collateral effecdf this researcls

the potentialdevelopment of improved methods to foreaasd mitigatece-induced floods. This
paper provides useful information to engineers designing infrasteuatang streams in areas
above 40 latitude, as well as to public security services and other public agencies in charge of
organizing concerted efforts to improve the societal resilience to floods.

2. Characteristics of streams

This papefocuses once-induced floods taking place alosgall rivers andgtreamswhich will
simply be ref er Table 1l gresentsa & listimfantitadive rihgdoological and
geometric) parametetisat can be used to differentiate streams from smaller, ephdmahlater
channels and from larger riverBhese ranges largely correspdndvhatMeybeck et al. (1996)
consides asmall river, astreamor a small stream, and it could include some brooks.



Tablel. Lower and upper limits of parameters that discriminate
Streams from smaller or larger channels

Parameter Lower limit Upper limit
Drainage area 1 kn? 2000 knt
Bankful width 1m 100 m
Bankful depth 0.5m 5m
Bankful discharge 1m/s 1000 ni/s
Channel gradient 0.1% NA
Stream order 2 6

Beyond those parameters, a stream can present different patterns and profiles that can vary over
relatively short distances. Possible areal patterns include linear channels, wandering channels,
braided channelgand occasional anastomosed reaches. In turn, meandering channels are normally
associated with gradients below 0.1%. Based on the channel classification proposed by
Montgomery and Buffington (1997), typical stream profiles include cascadegyaibyy rajs,

and riffle-pools whereas watercourses with channel beds featuring dunes or ripples are normally
excluded from what is considered a stream.

A publication by Turcotte and Morse (2013) presentedreceptuaimodel in the form of a graph

or a tabletha makes a link between the morpholagfya reachor its gradientand typical ice
processes that can occur alongttheach considering its size and the prevailing climakbis

model, along with othemorphologybased modelg.g., Bergeron et al., 2011), can bediss a

first step to identify potential ice processes that can take place along stream reaches of specific
physical characteristicdMorphological studies of various watercours&€ad Sheyou, 2002
Montgommery andBuffington, 1997 indicate that theris a broad tendency of channel slope to
increaseas channelsize decreasesThis however, is not always the case, especialbng
heterogeneous geologies ompiostglacial regionsvhere suspended valleys are common

3. Qualitative characteristics of stream ce processes

In large channels, most iteduced flooding episodes are caused by hydechanical events
associated with the rupture of an ice cover as the discharge indfieasbseakupice jams e.qg.,

Beltaos, 2008 a process mostly associated witalting meteorological conditions, but also flow
regulation, or northward watershed orientation. To a lesser extent, large channels can also be
flooded by dynamicor passivehydrothermal freezeup processs taking place under cold
conditions(Beltaos 2013) These largehannel ice processese different types ofanice jam
defined as fia stationary accumul at iloydAHRf f r ag
(1986).

Ice jams of different types also occur in streamsluding very small channelg.g., Turcotte et
al., 2012). However, in streams, thermally driven ice processegh as ice daformation may

represent adominant source of icenduced floods, which can take mce under very cold
conditions.This section introduces and qualitatively describes these stream ice processes.

3.1 Anchor ice
Under supecooled conditions in turbulent streams, anchoindelly forms on the channel bed
by entrainment ofrhzil particles or from direct nucleation of ice crystals on substrate (e.g.,



Malenchak and ClarR013, and itfurtherthickensby in situ growth or by interception of drifting

frazil particles(Figure 1A) Anchor ice is generally seen on top of the salbs, but it can also be
(hydraulically) compacted within the substrate in shallow and/or high turbulent areas (e.qg., Stickler
and Alfredsen2009). A flume experiment by Kerr et al. (2002) shows how the roughness of the
anchor icecovered bed may initigl increase and then decrease as the surface of the anchor ice
becomes smoothened. The presence of anchor ice also raisffedtieebed elevation and this
condition, together with roughness alteration, reduces the flow conveyance capacity of the stream
generating a rise in water levels, wbtentiallocal flooding, especially if the anchor ice layer
develops over many days (e.8tickler et al.2010)

Asvall (1997) described a combined anchor &el frazil ice flooding event that affectadultiple
basements and led to a shutdown of the sewage system in the city of Otta (Norway). Stramslid et
al. (2012) reported that anchor ice formation and frazil accumulation in the Bardu River (Norway)
can generate significant local flooding, affectingds and farmlands. They further mentioned that

the morning release of anchor ice (which is part of the most common anchor ice diurnal cycle
reported in the literature) contributed in downstream ice jamming that generated further flooding
(a process that isften reported in the literature and described further on). In this particular case,
hydropower regulation exacerbated the impact. In turn, Girling and Groenveld (1999) reported an
anchor iceinduced water level rise that reduced the head of the Limeg®meration station
(Canada), leading to an annual production loss of over one million dollars. On a more positive
note, anchor icenduced floods along streams may be beneficial to the riparian vegetation (e.qg.,
Lind and Nilsson, 2015).

3.2 Ice dams

Anchor ice development is not always spatially homogeneous and surface smoothening may never
occur. At steps in the channel profile or where large rocks are aligned across more uniform channel
profiles, anchor ice development may be locally promoted to teetxhere it becomes emergent
(Figure 1B). Ice dams form where anchor ice creates a channel blockage and this initiates the
process of icing, which is the progressive flooding and freezing of water on cold surfaces (see also
section 3.4). As the water fl@won the dam surface, more ice is produced and the upstream water
level further rises, which can eventually produce overbank flooding. fidgegeup process is
described in more detail by Turcotte et al. (2011, 2013).

Perforated or breached ice dams @nain in place throughout the winter, letting low flows freely

transit underneath. Though breached ice dams represent relatively fragile structures, they can resist
increasing runoff long enough to generate overbank flooding, especially in narrow chidrarels

high dams are frozen against (or supported by) the bank or in the presence of a thick, stabilizing,
in-channel snow layer. The structural failure of a single ice dam under an increasing discharge can
generate a cascade effect leading to a dynane@kinp over a significant downstream distance

with a potentially damaging ice run and ice jam. Observations from Scandinavia and field data
from the Montmorency River (Canada, Fig@je suggest that the sudden failure of series of ice

dams can even takegge during their formation, under cold conditions and a stable, low runoff.

The wave that results from the failure of ice dams, either under cold conditions or an increasing

di scharge, can be termed fAdaveo fof fihice @aaol
breakupo process is common enough for this te
community.
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Figure 1. (A) Anchor ice patches in rifffgol reach of the Montmorency River, QC, Canada; (B) Ice
dam across the rapids reachluf Montmorency River; (C) Frazil jam in a rifffmol reach of the Ste.
Anne River, QC, Canada; (D) Grounded hanging dam in the Ste. Anne River; (E) Undulating ice surface
looking across the Ste. Anne hanging dam during winter; (F) Icing layers in tbe cdphe
Montmorency River; (G) Partial ice cover at the end of winter in the Montmorency River (Same site as
B); (H) Ice jam against an intact ice cover in the anastomosed reach of the Montmorency River.
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Figure2. Cold breakup (between km 25.3 and43dice jam (downstream of km 19.5) and
residual wave (downstream of km 16.5) signals along the Montmorency River, QC, Canada, from
Jan 8'to Jan. 9, 2015.

3.3Freezeupjams

3.1.1 Surface juxtaposition

A simple surface juxtaposition of ice pans #lods within or downstream gbteep stream reaches
isimprobablebecausél) turbulent conditions contribute maintaining drifting ice in the form of
unconsolidatedlush even under cold condition&) becausavaves and rocks readily break thin
drifting ice floes in small pieceand (3)high surface velocities would lead to the formation of
thickened jams (next subsection). In tumflatter reaches, surface juxtapositimince floesmay
occur, but it is unlikely to produce any overbank flooding.

3.3.2 Thickened jandynamic consolidation

In streams, thickeneflleezeup jams are often the result of frazil interception and packing under
cold conditions. For example, along the Ste. Anne and Montmorency Rivers (Canada) over several
winters, rifflepool reaches with a gradient below 0.3% can be dynamically covered by @afrazi
(Figure 1C)xhat migrates in the upstream direction whereas ragitisa gradient above 0.5% can
hardly support suchprocess, apparently independently of the air temperature and discharge.



More commonly along larger rivers, but also in streamegzeup jams are associated with ice

runs intercepted by a stable surface ice cover section, which would be the case downstream of
steeper reaches. These ice runs can either originate from an unstable ice cover development (or
hydrological) condition orrbm an increasing runoff that lifts, breaks, and carries the recently

formed ice cover. Since the ice cover is often
jamo made by shoving and chgmdaa divensmeam(dengg . , Be
the first winter cold spell s, I'n turn, a fAna

because of iteelativelylimited thickness. Depending on the prevailing hydrological and hydraulic
conditions, thickenetteezeup jams made of &zil or ice floes can generate overbank flooding in
a similar way as described in section 3.5 for breakup ice jams.

3.3.3. Hanging dams (passive accumulation)

A surface ice cover usually forms first in low gradient segments such as pools and lakes or
reservoir heads while frazil production (and snow slush entrainment) in steeper upstream reaches
can last several additional days or weeks. In these circumstances, if the drifting frazil slush or ice
floes do not accumulate in the form of a thickened are, jthey will be entrainednder the ice

cover. The riveice literature suggests that a surface velocity above 0.7 m/s will lead to ice floes
entrainment whereas unconsolidated frazil slush may be entrained under a floating obstacle at
much lower surfaceelocities (Beltaos2013).Suchice front dynamics also depend on prevailing

air temperature, supercooling conditions, and channel depth.

In streams, entrained ice floes may become grounded, and in this case, a thickened jam would
result. Similarly, larg portions of a hanging dam made of frazil and snow slush may become
grounded (e.g., Vergeynst et al., 2017) and its surface appearance may resemble that of a thickened
ice jam (Figure 1D) As the ice accumulates under the ice cover, upstream velocitiedana
reduced enough to promote the frontal (upstream) progression of a surfat@ckened jam.
Therefore, the ice cover formation may alternate between dynamic frontal progression and passive
downstream deposition and thickeni@ncemost of theriver is covered, the combination of a
receding discharge and channel insulation contributes to thermally erode a tunnel into the hanging
dam core. This causes the hanging dam to become increasingly grounded, as can be presumed by
observing its undulated sura¢Figure 1E).

In unregulated streamdhed reported presence of a hanging daay indicate a recurrent ice
accumulation location whereas in regulated streams, the presence, location and thickness of a
hanging dam may vary significantly from one winter wnother Under specific
hydrameteorological conditions affecting ice deposition pattesnd thicknessesoverbank
flooding and icingmay occur. Floods caused by hanging dams are relatively rare, but have been
reported on small rivers (e.g. Beltaos et2007a,2007h Vergeynst et al., 2017A large hanging

dam ina channel represents an importdntdraulic and drifting iceobstacle and it takes a
significant amount of heat or rise in discharge to respectively melt it or mobilize it.

3.4 Aufeis and icig

Aufeis formation ismostly known as a posteezeup process occurring in braided channels of
arctic and subarctic regions (Grayson, 2010, Daly, 2013). Aufeis represents an ice accumulation
formed by progressive freezing of water layers that emerge @imher an existing ice cover
through cracks because of pressurized flow conditions. This may originate from a complex,



spatiotemporal combination of (1) #educedflow fluctuations and (2) a progressive reduction
in thewatercarrying capacity of thehannel Aufeisis known to generate extensive overbank ice
production under cold conditions, artidcan also generate additional flooding as the discharge
increass in the spring while the channel is still blocked by ice (e.g., Daly,&(dl1; Tonioloet

al., 2017).

More generally, and includingraided channdd uf ei s, stream fiicingo i s
layers forming on cold surfaces including bankschannel emerging rocks, and existing ice
surfaces. This procefsllows anchor icalevelpment it represents an i mpor

formation (e.g., Turcotte et al., 2011) and it is therefore often associated with ice development in
steep stream@igure 1F) Culverts, especially those made ofestare prone to generate icing.
This process can aldze observeavhere groundwater seepage or tributary flows cannot find their
way under an existing ice cov&arey (1973) contains additional information on stream icing.

3.5 Breakup ice jams

Breakup ice jams in sizeable rivers are alnabstays of the widehannel kind. As the channel

size decreases, narrasannel jams may be more common. Criteria for distinguishing between
the two types of jams are discussed in Beltaos (1995). The most common hydrological condition
that leads to breakupe jams is when the runoff increases, either in the spridgrang winterin
temperate regiondutbreakup ice jamsan also be caused by reservoir management. Hydropower
operation can be restricted in winter to avoid river ice breakup (e.g., Geltr@@t3).

In low gradient streams, where a floating surface ice cover is present, the increasing flow and stage
lift the cover and separate it from bank and bed locations of attachment. Eventually, the cover is
mobilized and soon afterwards breaks downto iice blocks. In steeper reaches, the ice cover is
more fragile because it is often initially fragmented (e.g., Turcotte et al., 26ikf2ive 1G. In

this case, the increasing discharge can mobilize small ice blocks that may become trapped against
rocksand thicker ice slabs. This blockage generates a local stage rise and an increased stress that
can result in a reaefcale ice cover mobilisation. In all cases, the resulting ice run may be arrested

by intact ice father downstream and form a jam.

Different hydraulic, morphologic and cryologic conditions promote ice jammingsandral

authors have been able to specify channel characteristics where ice jams are common. Typical ice
jam locations that are specifically attributed to streams, basddentwr i t er sd experi e
At slope reductions, including large pools, reservoir or lake entrances

Entering multichannel reaches (secondary or anastomosed channels that evacuate water)
At locations of low and wide floodlains (becoming a floodwayg.g., Calkins, 1983)

At sharp bends and constrictions

Downstream of confluences (especially when tributaries breakup first)

At channel enlargements (where the ice run energy is dissipated over suldage, and

Against large obstacles suchtamilders, culverts or tohannel structures

It most cases, the presence of an intact ice cover is required to initiate ice jaffigurg 1H)
Therefore, apart from reaches located downstream of lakes (e.g., Lind et al., 2016) or large
reservoirs, ice jas can take place along any stream sizes and morphologies (Turcotte and Morse,
2013).
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Breakup jams sometimes contain not only ice blocks but also frazil slush. The latter originates in
relatively thickfreezeup jams that never froze solid during the #n This is especially likely to

occur in streamse(g., Pigeon et al., 2015) or even in larger rivers that contain rapids (a good
example is the relatively large Athabasca River above Fort McMurray along which the average
slope is nearly 0.1%).he presace of frazil and snow slusian reduce seepage through the voids
inside the jam (Beltaos, 1999) and generate higher upstream water levels.

4. Hydraulic impact of stream ice processes
This section presents water depth and discharge data associatedrisitls stream ice processes
and illustrates their importance to delineate the flood zone.

4.1 Anchor ice andde dams

In cascades ansteppool strearg, often of the lowesthannelorder, the very initial phase of
anchor ice development seefnsterogeneus in space and the location where ice dams will
develop becomes immediately obviole® dams as high as 4 m have been reported in the literature
(Stremslid et al., 201 Zesaker, 1996)-igure3 presents a diseinge and water depth data set of
Lépine Creek (stepool channel, watershed area of 72kaverage maximum dischargeBaf®/s),

from the Montmorency River watershdcignadafor winter 201122012 (considered here as a short
winter with very few migwinter runoff events)Clearly, ice dams can generate overbank flooding
at very low disharges in that channedq synthesized blyigure3A). During a midwinter or an
early spring unoff event, ice dams can support relatively high pressures and can generate further
flooding (Figure3B). Based on multiple winters of survey along that stre&m right graph of
Figure3 also suggestthat ice damsre generallymobilized and evacuatdsyy adischarge well
belowtheequivalent open water bankffalischarggQ?2). However, this may not be the case along
all steep streamsnd significant overbank flooding could occur if ice daares more structurally
resisant
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Figure3. Hydraulic impacbf ice dams as illustrated by an hourly data set from Lépine Creek
(steppool channel draining about 7 RnCanadafrom November 2011 to June 2012 and by a
conceptual graph showing the path (1) of the initial ice dam formation and (2) of a runofinevent i
the presencef breached ice dams and snow.



In turn, along rapids or riffles, and more generally in wider and deeper streams, homogeneous
anchor ice blankets form first and can eventually evolve into-defihed ice dams, a transition
that can take seval days to week depending on multiple morphologigroundwaterand
hydrometeorological factors. Figudepresents hourly discharge and water depth data of the
Montmorency River (rapids, watershed area of 110@, kerage maximum discharge of
440m?3/s, Figure 1B, Canada, from November 2011 to June 2012, and distinguishe§ duse

up and midwinter ice processes. The right graph in Figdrpresents the potential hydraulic
impact of (A)a developinganchor iceblanket (B) the formationand breachig of ice dams, and

(C) breached ice dams and suspended ice @svdre discharge risels widestreamsice dams

are more likely to breach for small increments in discharge, but theyeogvorarily store a
significant quantity of water upstreawhich eacerbates an eventual dynamic breakup event
Overall the ice cover in rapids is fragilEigure 1G)and should be flushed at a discharge well
below the equivalent bankful discharge. Along riffle pool channels, the evacuation of the
fragmented ice cover nabe impeded by the presence of a thick surface ice cover with possible
hanging dams (Bergeron et al., 2011)
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Figure4. Hydraulic impact of anchor ice, ice dams and surface ice as illustrated by an hourly data set
from the Montmorency Riverdpidsdraining about 1100 kfyy Canadafrom November 2011 to
June 2012 and by a conceptual graph showing the potential disthdegthrelationship for (A)
anchor ice(B) ice dam developmemind(C) a partially suspended surface ice cover.

Finally, Figure5 presents the hydraulic impact of the sporadic and temporary formation of anchor
ice blankets at the Syrstad gauge in the regulated Orkla River in Norway (considered at the upper
limit of a stream with a watershed area of 2280%kiinom October 2010 to Ap 2011. This
phenomenndoesnotoccur at the same intensity every winter, as opposed to what is presented in
Figures3 and4. The developmenbf anchor ice blanketss not often associated withverbank
floodingand under an increasing runoff and warmer air temperature, the blanket should be released
from the bed before a significant stage rise ocdusas been recently found that the release of
anchor ice is, at least occasionally, hydraulically driven (Jessak, 2015)
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Figure5. Hydraulic impact of anchor ice blankets as illustrated by an hourly data set frosguteted
Orkla River (riffle-pool channel draining about 2280 RnNorway, from October 2010 to April 2011.
The data is corrected for iceggence on a 24 hour basis and should be considered as an approximation.

There is a neefbr additional research that could reveal how a stream cross section geometry and
channel profile may affect the resistance and hipitdtes of ice das While buildup rates as high

as 10 cm/h have been reported, the most conbuddup rats for streams range frolhmmh to

20 mnvh (e.g., Dubé et al., 2015) his rate normally endus@s long as there is heat loss from the
channel to the atmosphere. Therefoog,d cold spell of given duration and intensity, overbank
flooding caused by ice dams is more likely to occur along shallow channels. This means that for a
specific region or watershed, iaminduced floods are more likely to occur first along low order
channels (2 to 4). This however may not apply to wide braided channels whdreetteaip
discharge is small compared with the overall capacity of the channel.

4.2 Thickenedreezeup jam (dynamic consolidation)

Andres et al. Z005 presentedraimpressie freezeup jam data set for thBeaceRiver (a large
channe) that illustrats the potential impact of early winter consolidation evenhtgese jams are
of the widechannel kindand their formation and flooding potential aféenlinked to large fall
and winter flows generated by regulatideill and Andres1984)

Freezeup jams along streams have not been extensively documented. 6-pyesents a data set
from a riffle-pool reach othe Ste. Anne River (watershed area of 708, kamerage maximum
discharge o280 m%/s) for winter 20152016 at a locatiorfFigure 1C)where afreezeup jam
largely made of frazivasobservedduringthreeconsecutive wintersA first frazil packing event
led to slight overbank flooding (Figu@l). Prior to breakup, the frazil and ice jam resisted a
significant discharge increase and a portion of the water was evacuate@dljaitent forest and
fields (Figure6C). Another potential threatening situation is wiagnnoff event occurs just after
the formation of dreezeup jam, when the ice cover has not been thermally eroded and when its
structural reistanceis alreadysignificant(Figure6B). The intensity of ice processes in2P016

at that site as presented on the left side of FigGrenvere probably above average, but such
processes seem to genetatal overbank flooding more frequently than open water runoff events
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Figure6. Hydraulic impact of dreezeupjam and its remnants as illustrated by a data set from
the Ste. Anne Riveriffle -pool channel draining about 700 Rnat a rate of one measurement
every 7.5 minutes from November 2015 to April 2@h@ by a conceptual graph showing the
potential discharge depth relationship for (A) the initial consolidation event, (B) an esihyer
runoff event and (C) a late winter runoff event.

The right hand side of Figure 6 also suggests thraeaeup jam may remain in place at very high
discharges. In that case, most of the water would be evacuated through theldioodan
eventuality that is more likely to occur if tfreezeup jam has formed where a low floptain or
secondary channels exist. Knowing the maximum discharge that can be supported by the toe of an
ice jam (ice clearing discharge; Beltaos, 2008hgortant to understand its flooding potential and
frequency; unfortunately, this information is particularly difficult to evaluate or to simulate.

4.3Hanging dams (passive accumulation)

Quantitative dataetsof hanging dams streams ha been presept by Allard (2011)Beltaos
(2007a,b), an&ergeynst et al. (2017The authorhave commented on the potentially important
frazil accumulation thicknedd m in Vergeynst et al., 201@nhd on its spatial heterogeneity. As
opposed toconsolidatedice jams and because of the physics péssive frazil deposition
(Beltaos,2013),their initial roughness is normally relatively low and comparable to that of the
bed However, their gradual developmenter severatiaysor weekscan generate a significant
backwater impact because of channel blockagpgecially in shallow streasegmentdocated
downstream of steep reaches or of a flegulating damOverbank flooding can occur gradually
during cold spells (frazil productiomr more suddenlyif the dischage increases (runofbr
regulatior).

The left side of Fgure7 presents a data set obtairiezn the Sé. Anne Riverat a sitgFigure 1D)
thathas beersurveyed by Vergeynst et al., (2017). Water levels were measured 8 times per hour
from November 2018 April 2016 The water level achieved in 202816 was higher than during

the previous and following winters, but was significantly below the hanging dam infloce df

winter 20032004.
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Figure7. Hydraulic impact of a hanging dam as illustratedalijata set from the Ste. Anne River (riffle
pool channel draining about 700 Rnat a rate of one measurement every 7.5 minutes from November
2015 to April 2016and by a conceptual graph showing the potential discliadgpth relationship for
(A) the initial developmenevent, (B) an early winter runoff event and (C) a late winter runoff event.

The initial frazil accumulation process in the Ste. Anne River usually begins as the early winter
discharge drops (Figure 7A) and this processes continues aadamgstream frazil prodtion
reaches are not coveratre than 50% (Turcotte and Morse, 2016), which can take more than one
month. The most threatening timing for a winter runoff event, from aifigqmbint of view, occurs
immediately after the hangirdpm has reackdts maximum thickness, because this brings more
ice from upstream reaches and generates further blockage of the channel (FighmidByinter

or early spring runoff event can also cause overbank flooding (Fi§Lierhe combined ice
hydraulic behaviourpresented on the right side of Figuteould beexpectedalongmost deep
stream sections located downstream of long stretches of apidgerfalls as well as in regulated
systems Of course, the values presented on the axes (incl@®gQ20 and Q100) are site
specific.

Two threatening aspects of hanging dams, from a flogakmgpectiveare (1) that they contain a
significant amount of heat defidjin the order of 50 kwWh/f), which canprolong their presence
in the spring and (2) thalhey caninterceptanyincomingdrifting ice floes or major ice ruaand
initiate a breakup jam. Oa more positive note, possibleopenwater reaclupstream cawcarry
an increasing amount of heat durifge tsecond half of wintewhich can initiate melting well
before the snowmelt runoff period.

4.4 Aufeis

Development processes of auf@srctic and swarctic regionsre currently not wellinderstood
and veryfew quantitative dateelated to aufeibave been collected (with no known continuous,
winter-long, ice thickness o water level measurements). The global understandinigat their
formation carbegin as soon as the entire channel imeered andhat they can thicken until late
winter, whch in the arcticorrespondto the month of MayAufeis many mees in thickness have
been reporteth northern Asia and North Ameri¢a.g., Sloan, 1976; Toniolo et al., 201K)case
study of overbank flooding due to aufessiescribed by Daly (2013).



Figure 8 proposeghat aufeisforms when thedischarges relatively low(A) in streams where
runoff may become depleted. It isaertain if the water level (in terms pfressure) varies
significantly between two developmentdisurface flooding) episodeB turn,it is probable that
their presence generates, and originates from, discharge variations. In theteprermpwmelt
runoff may dominantly flow on the ice surfadéiqure8B). Therefore, if the aufeis has already
reached the floogblain levelduring the winter periodthe spring freshet is likely to generate
additional flooding(e.g., Toniolo et al., 2017Eventually, an ice free channel may be melted or
brokenwithin the aufeis fieldFigure8C), but its flow carrying capacity may remain wedlow
that of the entire braided chahmher several additional weeks.

Water depth (m)

0 1000
Discharge (m?3/s)

Figure8. Conceptual graph showing the potential hydraulic impact of Aufeis in wide and shallow
streams for (A) the initial (often wintéong) formation (B) the initial spring runff event that can

lead to(C) theeventuhbreaching of the accumulatiomhis graph suggests that major aufeis
accumulations can probably not be mobilized by high disce#rge significant melting occurs.

4.5Breakup ce jams

Breakup ice jamsepresent the most common ice process associated withdiceed floods.
Water level data sets in the presence of an iceajJ@tommon in large rivers and many events
have also been monitored along streait®e left side of Figur® presents a data set that was
obtained from the Ste. Anne River, at the foot of rapids and upstream of tfee witech data is
presented in Figuré. The presencef afreezeup jam a few kilomates downstream represented
an ideal ice cover setting ftine subsequent formation of a breakup jam. On Ap%il2D16, the
fragile ice cover over 5 km of rapids was mobilized and eventually ran intbrdbeeup jam,
locally generating water levels in the ordetlod 100 year open water flood.

As the dischage rises, the ice cover over an increasingly large channel area will be mobilized. As
a result, ice runs and ice jam formation and mobilisation events may result in the formation of
increasingly large and long ice jams (as mentioned by She et al., 200%fge river system).

This especially applies to streams presenting a variable morphology and gradient, atkdewhe
spring runoff event is divided inseverapeaks. The right hand side of Figure 9 indicates that ice
jam induced water levels generaihgrease suddenly (A) and may continue to rise gradually with
the increasing discharge. In turn, water levels may drop gradually (B) if runoff decreases and if
the jam slowly melts in place, or suddenly if the jam is mobilized and washed downstream (C).
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Figure9. Hydraulic impact of dreakup icgamas illustrated by data set from the Ste. Anne River
(rapids ending in &ffle -pool channel draining about 700 Rrat a rate of one measurement every 7.5
minutesfrom November 2015 to April 2016 and by a conceptual graph showing the potential di$charge
depth relationship foan ice jam(A) forming and (B) remaining in place for the entire runoff event or (C)
released and washed downstream of the hydraulic cahé&riodiefines the open water rating curve.

Channel characteristics agdraulicconditiors in streams and small rivers daegely different
from what is observed along larger rivers:
1 The widthto-averagedepth ratio is smaller and it cannot be assurhatl the hydraulic
radius is almost equal to the mean flow depth
Theratio of ice thicknes&) compared tehannel width V) or depth H) is larger
The channel widthW), channel gradien) and channel deptii] can vary significantly
over shordistances
1 The open water average velocitaywell exceed2 m/s(e.g., in rapidsand supercritical
flow conditions are common, especially at high flows

1
1

FigurelOpresentadataset ofbreakupce jams that have been documented along different streams
expressed in the form of & h relationship, as introduced by Beltaos (1983). For all the
documented jam%, is takento bethe average reach gradigmarying from 0.230 4%)whereH

was measuredr estimatedilong the jan{from 1.4 to 4.0 m)Wis consideredo bethe average
width of the channel between shear wadisainingafter the mobilisation or melting of the jam
(varying from 5 to 60 m)the unit dischargeg is equal to the total estimated water dischagge
(varying from 3 to 500 Aifs) divided byW, andg is the gravity constant.

The first data set (Figure 10, red) is based on the total discliarggtimated upstream or
downstream of the ice jam site whereas the second data set (Figure 10, blue) acknowledges that a
certain portion of the discharge was flowing onftbed plain or in secondary channel®, as it

was observed. This reduces the uride Q, which controls both componentsk{submerged ice

jam thickness plus undéce flow depth).
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Figurel10. Data set of 14 distinct breakup ice jams documented along streams of various

characteristics presented o®-gh graph The empirical relationshiinferred from the data
presented by Beltaos (1988} equilibrium widechannel jamss shownas a thick grey line. Red
diamonds are based on the total chamrserdischarge whereas blue diamonds are based on a
reducedvaterdischarge, considering overbank or secondary channel evacuation.

Results show that all data paipiot below theempiricalequilibrium jam relationship. Even when
considering a reducednore realisticmain channeldischarge(Q-Q), this relationship over
estimates H by 1.2 to 2.4 timeéSmall deviations from the empirical line of Eig 10could be
explained by differences in internal friction and roughness characteristics of different wide
channel jams ooy nonrequilibrium conditiors. This couldapply D the six blue data points with

h ~ 15 or more. Large deviations, however, point togaindifferent type Using Eq. 4.46 of
Beltaos (1995), it can be shown that the thicketsted component df must be at least equal

to ~10 for equilibrium widechannel jams. Consequently, all data points imfed.0Ofor which A

is close to, or under 10, describe jams of different typese considerationgeld the following
hypotheses about breakige jams n streams:

1 Insmall streams, ice jams may be of the narrow,tyybech causes lower water levels than
the widechannetype This is the case for reportex jamsobservedn streampresenting
agradient superior to 1% co.

1 Inshallowstreams, ice jams may be largely grounded (the contact between large ice blocks
and the channel bed represents an important, if not dominant, resistingafadaeproper
equilibrium section may not be achieved, even if the channel is wide.

1 In steepchannek, Q2 is evacuated at a high flow velocity and relatively low flow depth.
Therefore, the presence of an ice jam (of potentiallypovosity) immediately generates
a significant flow velocity reduction and a proportional stage Tiss.would explainwhy,
for 11 of the 14 documented jammsFigure 10Qthewater level reached ttiod plain.

It can be concluded thathite jams in streasform at locations that copare to those of large

rivers, they are more likely to remain in place where the flpkdn is low or where secondary
channels are presehecause this releases the pressure on the ice accumulation and promotes
grounding As a consequence, flogaains and secondary channeigpose a limit to the jam
thickness and maximum water lewd) a inding also shared by Calkins (1988)f course, the

same applies to large rivers, but the top of the bank is not as readily attained as in streams and
small rivers when ice jams are present.



5. Flood delineation along streams

Figures3 to 9 explain somef thephysics associated with specific ice processes, but they do not
include anyhistorical eference thagnables the evaluation of the frequencgp¥cific iceinduced
floods and associated water leselThis section presents a number of approaches that can be
applied to determine the frequenmyice-inducedfloodsalong streams and small rivers

5.1Direct stagefrequencymethod

The most precise and representative method to determine the frequengly foééezeup, mid-

winter and breakup water levels is to use a long record of water levels measured at the site of
interesttogether with local ice observatiorkhis type of data set is seldom availabBler. example,

an aufeisnduced flood frequency anaig appears difficult to perform because aufeis are not well
documented where there is no vulnerability whereas mitigation measures are often applied where
they generate damage. Therefore, other approaches need to be considered.

Communitiesthat are freqently flooded during the ice season should consider installing
georeferenced water level loggetsdifferent locations along their watercoursas investment
that represesta negligible fraction of the annual budget of any small t¢and governmental
public security services that deal with flood consequen@ddieast communitiesshouldkeep a
record, either in terms of photographsotes,of maximum iceaffected (and open) water levels
relative to a reliabl®enchmark.

5.2 Biophysical approach

This approach, describedWRCC (1989)mostly applieso breakup ice jams and to sofneeze

up jams. It basically consists of investigating the elevation of ice scars og tregetation trim

lines, or debris linedt seems thatgdual floods causedly ice dams antdanging dams are not
likely to affect the vegetation in a way that would contribute in delingdhe iceinduced flood
zone.The impact of recurrent, thick, overbank aufeis accumulation on riparian vegetation may
enable the application ahe biophysical approach, but this should be confirmed by field
observations and interpretations.

5.3 Past flood extent approach

An easy to understand and defendable approffthod delineatiorconsists in mapping the extent
of a past, ideally majoice-induced flood evest Althoughoften not associated with a specific
frequency, it represents valuable information for decision makedstogether with a topographic
map,theextent of slightly more intense eventautd be determined. This informatiaepends on

the spatial extent of flooding and (oglevation of the maximum water levieéingmeasured or
observed at multiple locatiomdong a vulnerable stream readhe elevationor aerial extentof
ice-induced floods can brelatively easy to obta when associated with gradual ice processes such
as the formatiorof ice dams, hanging dams or aufeis (Grayson, 2010), especially along larger
streams. For dynamic processes such as breakup ice jaftspttelevationcan also be estimated
based on elationsof shear walls lefon the banks(Furthermore, information on the elevations
of the water surface during the flood event is useful when calibrating hydraulic mddhédsis

why resources (ground observers, drosasllite3 need tobe deployedo document the spatial
distribution of the water or ice elevation during and after a flood event, even thisighs rarely
beenconsideredis anmmediate priorityof public security agencies in the past



Figurell presents dood map showing opewater flood zoneand the extent of a past M-
flooding eventalong the Des Hurons River, a stream draining aboutn¥5in Stoneham
Tewkesbury, north of Quebec City, Canadéile it is known thathreateningce processes can
occur more frequentlthan open water floods specificsites (e.g., ice jam upstream of the bend
in Figure 1L, where the floogblain is relatively wide), users of flood maps based on the past exten
of ice-induced floods should be aware that a streamwise shift or a simil&angpe intense, process
can cause flooding beyond the outlined flood zone.

Figure 1. Extend of a past ice jam event in the fgon River, Stonehasewkesbury, QC,
Canada, together with the 20 year and 100 year open water flood zone. Flow diseddawnward.

5.4Flood Envelope approach

This approach can be based on a combination of the previously described methalgs to or
extrapolate the extent gdast and probable floods over long stream reaches. Although it is
partiaularly applicable to awes of limited data or heterogeneous data sources, care must be
considered to determine the flood envelope, especially along steeahresvith highly irregular
topography. It is particularly difficult to apply in the case of floods generated by gradual ice
processe less developed anhabited areadn turn, for subarctic and arctic aufeis, thick ice
sheetsnay remain in place during tisemmer and even yeeawsund (e.g., Grayson, 20§,@vhich
provides enough time to malpe flood envelop associated with aufeis development.

5.5 Hydrotechnical approach

Thehydrotechnical approach involveeme kind osimulation of ice processésat leadgo high

water levels. It is expected that the frequency of the amrmaalmumice-induced water level
should occur when the discharge rises while the stream channel is occupiedbyiicepecific
reachesthe highest annual water level may occasionally occlue@teup (consolidatedreeze

up jam) or during winter (hanging dams, aufeis), when the discharge may be close to its annual



