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ABSTRACT

A numerical model of ice dynamics developed at the National Research Council of Canada has been set-
up and applied to predict the dynamics of the ice cover in the upper Saguenay Fjord subject to forcing by
ground level winds and near surface water currents. The model has been used to predict the evolution of
ice pressure, ice concentration and ice thickness at sites being considered for development of new port
facilities. Predictions for eleven different hypothetical scenarios were produced, each corresponding to a
different combination of wind speed and direction, tide, freshwater inflow, initial ice thickness, and initial
ice concentration. The scenarios include both extreme conditions with very low probability of occurrence,
as well as more common conditions. The set-up and application of the ice dynamics model as well as the
sensitivity of the predicted ice cover dynamics to variations in initial ice concentration, initial ice thickness,
wind direction and wind speed is described and discussed.
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1. INTRODUCTION

The Saguenay Fjord extends for 110 km between the communities of Chicoutimi, where the fjord
transitions to the Saguenay River, and Tadoussac, where the fjord meets the St Lawrence Estuary, see
Figure 1. The Saguenay Fjord is notable for its complex and strongly stratified flows, with freshwater at
the surface flowing over denser seawater at lower depths. During winter a stable ice cover forms over the
upper part of the fjord, and commercial ships accessing port facilities in Chicoutimi and Port Alfred are
escorted by ice breaking vessels operated by the Canadian Coast Guard. Ice breaking vessels are
normally deployed before mid-March to initiate the Spring break-up and assist with ice clearing
operations.
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Figure 1. Map of the Saguenay Fjord region (source: Google).

A numerical model of ice dynamics previously developed at the National Research Council Canada has been setup
and applied to support the planning of future port facilities in the upper part of the fjord. The model predicts the
deformation of an ice covewer time and space due to forcing by wind and surface current. The wind and current
forcing can be steady and uniform or unsteady and spatially varying. Initial conditions are specified by prescribing
the initial ice concentration and initial ice thickngesoughout the computational domaiBince the horizontal

length scals of interest are much larger thémeice thickness, a dep#veraged formulation is employed, whereby

the stresses and velocities are averaged over ice thickness. A parameterizat@thitknessredistribution is
introduced in order to relate ridge (and ice rubble) formation and lead opening to the strain rates. Thus, the
numerical solutiorkees track of the evolution of deformed ice thickness and ridgihgther details on thecé

dynamics model are given in Sayethl. (2002) and Kubagtal. (2011, 2015).

In this study the ice dynamics model was used to predict the temporal and spatial evolution of ice concentration, ice
thickness and ice pressure throughout the region fiowshypothetical scenarios, each comprised of an initial ice
condition combined witldifferentwind and current forcirgy The current forcing was obtained from a 3D numerical
model ofstratifiedhydrodynamics in the fjord, while the wind forcing was either derived from analysis of historical
wind measurements or obtained from a numerical wind model.

Review and Characterization of Ice Conditions

A brief review of available information on ice corniins in the upper Saguenay Fjord was undertaken to
characterize the range of local ice conditions and inform the ice dynamics modelling. Useful information was found
in a report by Arctec Canada Ltd. (ACL, 1980) andUimgalesetal. (2002), Bourgauletal. (2011),andDe Vernal

etal. (2011)

Landsat satellite imagefor the period 0f19722016 accessed through .8l Geological Survey (USGS)online
repository werereviewed. Two examples showing the dramatic difference in the extent of the ice cloveranel
after the spring brealp are presented iRigure 2. The narrow shipping routes cleared by ice breaking vessels
leading to/from two existingort facilities can be seen kigure2a.

Iceobservatiorcharts published by the Canadian Ice Ser(@&) were also obtained and reviewed. Tworapies

showing conditions in midlarch are shown ifrigure 3. Various sukregions are defined, each designated by a
unique letter (A, B, etc.), and the concentration, stage of development (age) and form (floe size) of the ice in each
subregion is speified through a corresponding Egg code. Further guidance on interpreting ice charts can be found
on the Canadian Ice Service website.
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Figure3. CIS ice charts showing ice conditions during 4kidrch.

Data on ice thickness acquired under the Ice Thickness Collection Program run fro/20024% Environment

Canada waalso obtained and analyzed. Ttwandred nine historical ice thickness measurements from three sites in

the upper fjord are plotted Iigureda, whileFigure4b shows two exceedance probability curves derived from the

data.Considering only observed seasonal maximums, the median thicknessisM@le the maximum is 76m. It

is noted that thicker ice may well have occurred over the period but was not measured
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Figure4. Ice thickness data measured in the upper fjord from 12802.
Following Gosinketal. (1986) hermodynamic thickness growth of ice sheets cagstienated by
[1] Q o® pmm 6009 |

in which h and CFDD denoteice thickness in meters and cumulative freezing degree days in degrees Celsius (°C).
The coefficient| , a positive number less thandepends mainlgn local wind and snow condition&lthough this
equation was originally developed toigsdte ice thickness growth forkes, itis thought to be applicable to streams
when current speeds are smaller than approximately/(&.6which is the case for a large part of the upper Saguenay
Fjord. Using some of the observed ice thickness valudsignre 4 for calibration yields a best fit value qf

T® T11.0Consideratiorof temperature records recorded at the Bagotville airport over the period from 1950 to 2015
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yieldsa peak seasonal value @FDD = 1,833°C (for the 19581959 season)/ith this peakCFDD and assuming
1 =0.503 in Equation 1a maximum ice thicknessf 0.75m can beestimated over the 65 year period

Hydrodynamic Conditions

Detailed information on near surface currents throughout the uppervwigsdequired to force the ice dynamics
model. As noted previouslyhe Saguenay Fjord is notable for its complex and strongly stratified flows, with
freshwater at the surface flowing over denser seawater at lower ddjptlever, the hydrodynamics are siive

to the tide range and phase (ebb or flood) as well as the freshwater discharge entering the upper fjord from the
Saguenay River.

The tides througout the fjord are sendiurnal, rising and falling twice dailyThe ide range at Tadoussac, located
near the moutlof the fjord, varies from ~n during Neap tideap to ~6m during Spring tidesTypical tide ranges
at Port Alfred, located in the upper fjomte slightly higher, fluctuatinfom ~2.5m up to ~6.5m.

Data on the Saguenay River discteaeg Shighaw for the period 1972012 was obtained and analyzed. Based on
this data, lte averagdreshwateiinflow is 1,310m%s, while the inflow exceeded 1% of the time is 6,48%s. The
inflow during the month of March when the icever breaks up &s also investigated’he mean inflow during
March was found to b#,244md/s, while the maximunrecorded inflow during Marcts 1,907 m?s.

A threedimensional hydrodynamics model based on the Tele&Dasolver was set up to simulate the stratified
hydradynamics throughout the fjorddpen water conditions (without ice cover) were assumed for all of the
hydrodynamic simulationsFurther information on the development, calibration and application of the 3D
hydrodynamics modéabgether witha discussion ofie simulation results is given in Cornetil. (2017).Figure5
shows the modelled distribution of nesurface current speed and direction across the upper fjord for one time step.
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Figure5. Modelled distribution of near surface current speed and direction for one time step.

Wind Conditions
Information on ground level winds in the region was also required to force the ice dynamics model. Two approaches

were used to obtain this informati: 2) review and analysis of historical wind data recorded at Bagotville airport
and several other sites in the region; Bhdumerical simulation of wind fields.
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Summary wind statistics derived from the Bagotville airport data are preserifatlal. The two nost common
wind directions are st followed byeast, while the strongestimds tend to approach from the west, nestst and
east directions.

The Anemoscope windraulation model, described in NRC (200@)as used to estimate the spatial distribution of
ground level wind (speed and direction) for 16 extreme wind scenarios or atmospheric Ataet@escope
embodies the WEST wind mapping system described in Pataatl (2005) and Ywetal. (2006). Resultsfor one
such simulation are presentedrigure6, for the case of an extreme wind approaching from ESE.

Tablel. Summarywind statisticsoccurrencdrequencyin %)
for Bagotville Airport(source:Environment Canada).
Direction
NE E SE S SW W NW N All
<1 8.9
1-10 1.6 8.4 4.7 3.2 3.9 7.0 2.6 1.3 326
11-20 0.5 10.2 1.4 0.6 2.7 142 41 0.4 34.2
21-30 0.1 5.3 0.4 0.1 0.9 7.7 25 0.1 17.1
31-40 0.0 15 0.1 0.0 0.2 3.0 0.9 0.0 5.6
41+ 0.0 0.2 0.0 0.0 0.0 11 0.2 0.0 15
All 2.2 256 6.6 3.9 76 329 104 18 100.0
Avg.speed] 9.0 157 9.0 76 121 186 179 8.8 14.2
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Figure6. Modelled distribution of near ground wind speed and direction, extreme wind from ESE.

2. SCENARIO DEFINITION

An ice dynamics model previously developed at NRC was applied to investigate ice dynamics in the upper fjord for
eleven hypothetical scenarios. The environmental and initial conditions for each scenario are surbelarizéed

Table2. All eleven scenarios assume a Spring (large) tide and begin when the initial water level in the upper fjord is
high. Hence, the water level falls during the first 6 hours of each simulétithven rises between thé'@nd 12

hours. Thenarrow icefree shipping corridors evideim Figure 2a were included inthe initial condition forall
scenarios.
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Scenarios 1 to 4 have a high freshwater inflow,80Tm?s with an initial ice thickness of #n and an initial ice
concentrationof 95%. The 1907m?%/s inflow is the maximum freshwater inflow recorded during the month of
March. Scenario 1 has no wind (zero speed) while Scenarios 2 tospatsaly varyingwind fields calculated by
AnemoScopdexample inFigure6). It is worth noting that the extreme winds were sustained and held constant for
the full duration of eaclice dynamicssimulation, typically six hoursr more While it is acknowledged that this
represents an unrealistic scenartbg effect of exeme winds acting for siter durations can be observbyg
examiningintermediary simulation outputs (i.e. outputs afiee houy.

Scenarios 5 to 11 all assume a freshwater inflow,244m?/s, corresponding tdhe average freshwater inflow to
the uppefjord during March when the Spring breakp occursnitial ice thickness is either 43n (the average ice
thickness reported in measurements taken over 18 seasonsyor @@se to thethickestice observed over 18
seasorns Initial ice concentrationis either 95%, represdng a full and virtually complete ice covéri.e. stable
conditions before the start of Spring bragk or 70%, representing a situation witle floes of varios sizes and
30% open waterAt the start of each simulation, both tlee thickness and ice concentration were assumed to be
evenly distributed across the ntamd portion of the computational domain, except for the narrow shipping
corridors, wher@pen watemwas assumed.

The initial distribution of ice thickness and icencentration for Scenario 6 are showrrigure?. In this figure and

other similar ones to follow, sidifferent colours are used to denote ice concentration over the range ftd@

(low) to >9/10 (high). Similarly, ice thickness variations over the range fra@@e&m to >100cm are denoted
using six different colours. Ihoth figures, warm colours denote more adverse ice conditions (thicker ice or higher
concentrations) while colder coloursrtbte more benign ice conditior@onventionablackwind barb symbols are
used to denote the wind speed and directidnile small black vectors are usedindicatethe water current speed

and direction.

The 260 (from the westwind directionmodelledin Scenarios 5 to 8 iapproximately shore normébd the eastern
shore (labelled in Figure 7). Two wind speeds we modelledfor this direction 19km/hr and 3%m/hr. The
19km/hr wind corresponds tdhe average speed of theestery winds (based orobservedwind statistics at
Bagotville), while the 3%m/hr speed is a more extreme condition that occurs less frequently. Again, it is worth
noting that the winds were held constant for the full duration of siauhlation

The 22.3 (NNE) wind directionmodelled in Scenarios 9 to 14 approximately shore normal to teeuthern shore
(labelledin Figure7). Two wind speeds are modelléat this direction 9 km/hrand 25km/hr. The &m/hr speed is

the average speed of the winds from NNE (basedhservedwind statistics at Bagotville), while the R&n/hr

speed is a more extreme condition that occurs less frequently. These winds were sustained for the full duration of
eachsimulation

Table2. Summary ofiitial ice conditionsand environmental conditions for Scenaridgs 111.

.| Tide | Initial water Frgshwate ) Wind spe‘ed d Wind direction . Initial ice. In_tial ice
Scenariq o level inflow Current field Bagotville ©zall) Wind field  [concentratior] thickness
(cms) (km/hr) (%) (cm)

1 Spring High 1907 Spatially and time varying 0 - Spatially varying 95 70
2 Spring High 1907 Spatially and time varying 80" 262 (W} Spatially varying 95 70
3 Spring High 1907 Spatially and time varying 532 30 (NNE) | Spatially varying 95 70
4 Spring High 1907 Spatially and time varying 61° 90 (EY Spatially varying 95 70
5 Spring High 1244 Spatially and time varying 19 260 (W) Spatially uniform| 95 43
6 Spring High 1244 Spatially and time varying 35 260 (W) Spatially uniform 95 43
7 Spring High 1244 Spatially and time varying 35 260 (W) Spatially uniform| 95 70
8 Spring High 1244 Spatially and time varying 35 260 (W) Spatially uniform 70 43
9 Spring High 1244 Spatially and time varying 9 22.5 (NNE) | Spatially uniform 95 43
10 Spring High 1244 Spatially and time varying 25 22.5 (NNE) | Spatially uniform 95 43
11 Spring High 1244 Spatially and time varying 25 22.5 (NNE) | Spatially uniform 70 43

1 Wind field derived from Climate State ANU1D293C14M (AnemoScope Simulation)
2Wind field derived from Climate State ANU1D068C14M (AnemoScope Simulation)
3Wind field derived from Climate State ANU1D135C14M (AnemoScope Simulation)
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Figure?. Initial distribution of iceconcentration and ice thickness fare®ario 6

3. ICE DYNAMICS MODEL SET UP

A rectangular compational grid extending 16m in the eastest direction by &m in the nortksouth direction

was set up to cover the region of interest,iigeare8. The grid cell size chosen was 25 meters which is required to
properly model the icéreecorridors thatare roughly 12%n wide The final grid is composed of 600 cells in the
eastwest direction and 360 cells in the socutbrth direction.

Theice dynamics model was forced using both grelevel wind and surface water currgmescribed across the
computational domairA simple approach with no active coupling between the hydrodynamics and ice dynamics
was followed in this study. The influenoéthe hydrodynamics on the ice cover was modelled, bugfteetof the

ice coveron the hydrodynamics was neglect8imilarly, the influence of the wind on the ice cover was modelled,
but the effect of the ice cover on the wifgkpected to be smalijyas neglected.

Numerical predictions of surface water currents that varied over both space and time were extra¢teddodmot

files of 3D hydrodynamic simulatiathat had been preomputedexample inFigure5). The water curnet was

specified on an unstructured triangular grid, and linear interpolation was used to obtain the water current speed and
direction for each cell of the ice dynamics grid at every time #tepacknowledgedhatopen water conditions

(without ice coer) were assumed ithe hydrodynamic simulationsencetheinfluence of the ice cover on the
hydrodynamics waseglectedThere is no doubt that this simplification introdusesneuncertainlyinto the final

results.

Only steady wind fields (that do neary with time) were considered in this study, and in all cases the wind was
assumed to remain steady throughout the ice dynamics simukatiothe cases where spatially varying ground
levelwind fields were computed usitige Anemoscopwind model, linear interpolation was used to obtain wind
speed and direction at each cell of the ice dynamics grid. For other cases where spatially unifordegebuniads
were assumed, uniform wind speed and direction was applied at each grid cell.

Testsimulations were carried out to ensure that the modelgsebuld appropriately simulate the ice dynamics over
the area of interest. The grid extent, grid cell size and simulation time step were all varied until stable simulation
outputs were achievetdhefinal computational time stepf the ice dynamics model was2he hydrodynamic

forcing was updated every 3@inutes, and modeutputswere stored every 1finutes
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Figure8. 15km x 9km ice dynamics model grigith 25m x 25 m resolution

4. RESULTS AND DISCUSSION

Each simulatiompredictsthe evolution of the distributions of ice thickness, ice concentration and the stresses (or
pressure) within the ice covedor the prescribed initial conditions and environmental forcMg note that the

pressure values resulting from the present simulations correspond to compaction and deformation processes that take
place along legth scales of 100s of meters. Whiteey are indicative of the severity of ice conditions that may be
manfested in ridging, rafting and pHep of ice, they should not be usead estimateice forces on avharf or a
vessel.The ice pressurecan becharacterizedn terms ofrelative severity asno pressure(< 6 kN/m), light (6
to12kN/m), moderate(12 to 24kN/m), strong (24 to 40kN/m) or very strong(> 40 kN/m), where ice pressure is
expressed as a force per unit width. Thasssurezalues are based on experience with the effect of pressure levels

on the ability of vessels toavigatethrough an ice cover (Kubatal., 2015).

We present here in some detail the residtr two scenarios. One of tlee$Scenario 6) produces pronounced ice
action against theastern shorewhere construction of a new wharf is being consideféde: other $cenario 10)
produces ice action against theuthern shoreshere port facilities are currently located.

The initial evolution of ice pressure over the first hour of Scenario 6 is illustratédure9. In this scenario an ice

cover with an initial uniform thickness of 43n, and uniform concentration of 95% is subject to &r@fhr wind
approaching from west. The hydrodynamic conditions correspond to a falling Spring tide during March. For these
conditions the ice dynamics are donated by the85km/hr wind from the westwhichis sufficient to mobilize the

ice cover, which deform&nd compactsagainst the eastern shorfgnder these strong windshe effects of
hydrodynamic forcing on the ice cover are relatively minor comparétketaind stressThe icefree channels close

early in the simulation as the wind pushes the ice eastwHndsice cover deforms progressively over the first five
hours until reaching a near steady state conditi@reafter The modelled distributions ofice concentration,
thickness and pressure after five hours are shoviaigre 10. Theseresults show that the ice conditions along the
eastern shore become relatively sevevith concentratiorreaching 100%and thickness reaching up to 8@

(initially 43 cm) combined with strong pressure. While ice conditions along the eastern shore worsen, the western
and southern parts of tikwmainbecome largely free of ice.
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Figure9. Initial evolution of ice pressurseverityfor Scenarid (35 km/hr wind from west)

HYD744-8



[

(ff(ff(!l

(A N M A O

R S A
A B N A A
Bt ¢ ¢ € ¢ttt

I A S

Figure10. Distribution of icecoverthickness concentratiorand pressurafter 5 hourdor Scenaridb.

In Scenario 10, the same initial ice cogensidered in Scenarici§exposed to the same hydrodynamic forcing, this
time combined with a 2km/h wind approaching from the no+tiortheastdirection. The initial evolution of ice
pressure for this case isufitrated inFigure 11, while the distributions of ice thickness, concentration and pressure
after 5hours are shown iRigure12. For these conditions the ice dynamics is laghininated by the wind forcing:

the ice coverapidly deforms and compacts against the southern shoesponse tthe wind stressThe ice cover
deformsprogressively over the first 4%ours, becoming nearly stable thereaffére simulationresultsindicatethat

the ice conditions along thsouthernshore grow increasinglysevere, with concentration reaching 100% and
thicknessexceeding30cm (initially 43cm) combined with strontp very strongpressureln contrast, the northern
and eastern shorégcome largely ice free
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Figurell Initial evolution of ice pressure severity for Scenddq25 km/hr wind fromnorth-northeast

Figurel2. Distributionof ice coverthicknessconcentration and pressure after 5 hdorscenariolO.

The average ice thickness and average ice pressure forecast ahrtheaBk of each scenario is presented
graphically inFigure 13 for two locations, one near the centeitled Southern shore and the other near the center of
the Eastern shorédccording to the simulation resultScenarios 5 to 8, whichll considerwind from the west,
produce moderate to severe ice conditions along the eastern shore. The severity of ice conthit®ofecationis
greatest for scenario 7 in which relatively thickcff iceis modelledtogether with a relatively strong ¥sn/hr

wind. Thicker ice and/or stronger winds produce more seiger conditions, as expecteHor Senario 8, which
combines average ice thickness ¢#8) with reduced initial ice concentration (70%), the buidof ice pressure is
delayed in comparison with starios 5 to 7 in whichigher initial ice concentratio(®5%) was modelledlhus, the
build-up of pressure along the eastern shore after a specific intermediate duration, say 3 hours, is significantly
reducedor Scenario 8 compared to the othdfd®wever the peak pressure reached at the end of the simuldton
hours)remainssimilar, it just takes longer for the pressure in the ice cover to reach these levels when the initial
concentration is lower
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