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Abstract

Ice strengthened vessdisavelling through Agtic waters can have extreme difficulty
passing through areas of ice pressure. Pressured icecamitiges can cause ships to
become stuck, or beset, introducing additional environmental aoohomiccosts.
Understanding where and wineridges are forming along a shipping route would allow
for better planning of safe winter navigan through icecovered waters, however,

there are many dynamics involved in the formation of pressure ridges that makes
forecasting them with accuracy, aspecificgeographic regionincredibly difficult

Winter shipping operationsn the Hudson ®ait, Canadaare often impacted by

pressured ice and ridges, sometimes causing ships to be delayed for several days at a
time. Meteorological datas used in tts thesis studyo 1) to determine if land based
meteorological data from weather stations can be used as a proxy for weather
conditions experienced by ships in the marine areas where pressured ice and ridges are
common,and 2)better understand the possiblclimatic factors that influence the
besetment of ships in pressured ice in the Hudson StFais study is completed using
information from ship lodooks detailinghe difficult ice conditions encountered by
shipstransitingthrough the Hudson Strait ithe winter months, and compares
meteordogical data from a land basethtion in Salluit, QC tmeteorologicaldata

recorded on a shipnearby,in the Hudson Strait.



There was moderate statistical significance found when comparing the meteorological
data recorded at the land based station and the data recorded on the ship when it was
nearby.The results of this study show thtlte land based meteorological data from the
Salluit station can be used to understand treiabilityof the meteorological data in the
marine area nedy, in the Hudson StraiThis study did not find pattern when
comparingthe meteorologicatlatarecorded prior totransits that progressed with ease
against thetransits that progressd with difficulty through theHudson Strait in the

winter months. As a result, fohe chosen study transitie meteorological data

available from the land based statiam $alluit could not be used fwredict situations of
significant pressure ridging the nearby marine aredJsing reanalysis datahis study

did find similarities in atmospheric pressure pattsrand windpatterns when

investigating the conditionading up to thechosen difficult transits This finding
indicates thatarge scale atmospheric patterns can influence, and can be used to better
understand, ice drift andonvergencef the ice pack in certain regions. idergenceof

the ice pack can creaggressure ridges andesult in more difficult ice conditionfer
transiting shipsThis research fills an important knowledge gap in understanafmat
meteorological conditions have a stromgluence on ice dynamics impacting the

difficulty that ships can have when transitittge Hudson Strait in the winter months.
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CHAPTER 1: INTRODUCTION

1.1Introduction

Air temperature in the Arcticsincreasng faster than elsewhere in the world3{unden and

Arndt, 20179 and has played a key role irdacliningsea ice extent, observable since the
beginning of thesatellite record in 1979%errezeet al, 2016;Serreze etl., 2009; Strove et al.,
2017). Anincrease irboth surface air temperatures and sea surface temperatures have been
observed (Stroeve et al., 2018troeve et al., 200&oupled with araccelerated decrease of
Arctic sea icén the past 2 decadeg$Serreze & Stroeve, 2015; Simmonds, 2015; Stroeve et al.,
2014; Stroeve et al., 20Q8hese increases in temperatygelayed freezeup dates, and

earlier melt seasonareimpacting the length of the open water seas{®troeve et al., 2014)
The Arctic Ocean can abba greater amount of heatluring longer open water seasons,
leadingto an ice cover that is more vulnerable to warmer air temperasuamd decreassin

sea ice gtent andthickness (Stroeve et al., 2014)hese changes itimate and icehave
improvedthe maritimenavigation condition# the Arcticand haveinfluencedhigher rates of
shipping activity in Arctic waterscluding anncrease in tourismgargo transportfishing, and

tanker activities related twesource extraction (AMP, 2012; Pizzolato et al., 2016; 214

It is is predicted that there will be continued reductiansseaice extent and thickness in the
future. Alorg side these changeshipping activity along major shipping routes of the Northern
Sea Route, Transpolar Route, and the Northwest Passage (NWP) are expectetintoe to

rise(Gascard et al., 2017; Melia et al., 2086nith and Stephenson, 20).3Vith greater open



water area and longer melt seasons, it is likely that wil alsoseevessels traveling at faster
speeds througlthe Canadian Arctic waterés discussed by Kubat et al. (2005), an increase in
speed and frequency of Arctic vessels will result higher potential of vessel damage and
associated pollubn to the Arctic environmentSea ice changeare highly spatially and
temporally varidle across the Canadian Arcfigascard et al., 201Tjvy et al., 2011}he

regional variability in ice conditions will continue to have significant impacte@navigational
safety of vessels traveling througfiie CanadiarArctic Shipping through Arctic waters also

poses additional risks due to the remoteness as well as thehhaonditions (Vanguard, 2015).

Multi-year ice is the most sigrééint hazard to transiting shipgpwever,another form of
KFETFNR2dza aSFk A0S (KIFd &aKALA OFy SyO2dzyiSN sK
LINS & & dzZNB ¢ ® ¢ K fcudrs wihén WiSds, 2ides, ér Surrents iDtrackirOregions where
ice concentration is high and can pose a significant threat even for highdyrasegthened
vessels (Kuband Sudom2008 Mussells et al., 2037 Ice-ship collisions idrctic waters can
significantly damage a vesg&lubat et al., 20149nd pose serious consequences such as
possiblepollutant spills (Vanguard, 201®8etween the late 1970s and the early 2000&re
were over200 reports of vesse damaged by ice and around 1/3 of those incidents had the
potential to cause environmental pation (Transport Canad&003)The harsh conditions in
the Arctic ardikelya cause of the disproportionate amount of accidents that occur there,
despitethe limited number of ships that transit the are@ii{e Council of Canadian Acadesnic
2016) A study by Valdez Banda et al. (2015) found that winter shipping accidents most

commonly occurred in consolidated ice and ridged ioe2008, Kubat and Sudooonduced a



survey on captains and ship operators who worked in the Aactitnoted that ice under
pressure can be extremely hazardous to ships and that more information is urgently needed

about where and when pressure is developing.

Ship eptainscommonly use the operational ice charts created by the Canadian Ice Service (CIS)
when they are navigating ships through-oéested waters to help them when making

important navigational decision®1. Kean personal communication, March, 2018) Howeveg

ice charts show details of ice patterns at a larger spatiotemporal resolution than is needed to
understand the intricacies of sea ice that result in the formation of areas of presEuee.

majority of research on pressure ridges that has been compleiathte has been completed at
the scale of a few kilometers (Kubat and Sudom, 2008; Kubat et al., 2012) or used satellite
imagery to investigate ridge forman (Mussells et al., 2017, 201 &hipping companies and
captains are calling fonore detailedresearchin order toimprovethe understandingf the
formation of pressure ridges at a ship sc#ldditional understanding of the formation of
pressure ridges could improve models and forecasts that are used to predict the location and

timing of ridges.

1.2 Project Objectives

The overarchinggoalof this studywasto improve understanding of the presence, formation,

and impact of pressured ice in the Hudson Strait, Canada where bulk carriers provide year
round service to the Raglan Nickel mine in Deception Bay, QuEbessure events and

resulting ice ridges are oamon in the Hudson Strait region throughout the winter season



(Mussells et al., 2017). These ice conditions create navigation hdpatte icestrengthened
vessed that areregularly traveling through the Strait to service the Raglan mimerespond to
the need identified by ship captains and shipping compataesiprovethe understandingpf
pressured ice as a navigatiorhlallenge this research fagseson pressureridgesthat were
historicallyencounteredby shipsalong the shipping routéo/from the Raglarminein the
Hudson Straibetween2005and2017. These shipping events were analyziedrelation to
relevantmeteorological conditionghat wererecordedin the same spatial and temporal
periods Understandingveather related risks when navigating through-imeveredwaters is

important for risk mitigation in the Arctic (Gascard, 2017).

Themain objectiveof this studywas tobetter understand thekeyweather variableshat are
important tothe development of pressuredgesin the Hudson Strait
More specifically, this projeatias focused around 3 main objectives:

1) Investigate the reliability of usingeteorological variables fromegionallandbased
weatherstations beunderstandthe weather conditiondeingexperiencedocally by
ships transitinghe Hudson Strait neddeception Bay

2) Conduct a sea ice climatology to gain a better understanding of the sea ice patterns in
the Hudson Strait and the influenceey might have on theyhamics of ice conditions
for transiting ships;

3) Discern the relative rolef different meteorological variables in influencing the
formation of pressure ice situations that caused historic besetments oM¥ercticin

the Hudson StraitCanada.



1.3 Study Regionthe Hudson Strait

1.3.1 Background
The study region for this project is the Hudson Strait (HS) in the HudscbdBaylexHBC) of

Arctic CanadalrheHSis a narrow passage between the Hudson Bay basin and Canadian Arctic
Archipelago (via Fury and Hecla Strait) to thethdtlantic Ocean. fle HSis bordered by Baffin
Islandto the northandby northern Quebec and Ungava Bay the south(Figure 1)and is
covered annually bice for more than 8 months of the yeddiinkwater, 1986; Saucier et al.,
2004). Inrecent years, there has been a significant decline in the sea ice covarag#% per
decade(Derksen et al., 201 Z5albraith and Larouche, 2011; Hoccheim and Barber,)2010e
average¢e breakupdate in theHShas occured 17.5days earlierand aveage freeze up date
has occurred 16.8 days latém, 19962015 vsaveragebreak up and freeze up dates in 1980
1995 @Andrews, et al., 2017; Hochheim and Barber, 30THis trend is consistent with the
findings of severadther studies documenting earliesea ice retreat in the Canadian Arctic
(Collow et al., 2015; Kowal et al., 2015; Markus et al., 286freze and Stroeve, 2018troeve

et al., 2014, 2011).
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The HS®xperiences high volumes of shipping actiatiributed to diverseshippingpurposes
throughout the yeare.g. Pizzolato et al., 20L@etween 2007 and 2013 an average of 59
unique vessels made an averagel@b transitsthrough theHS(Vard Marine Inc. 2015). Only
vessels that repoedto NORDREG were included in the calculatioitherefore smakr
vesselsincluding pleasure craft, recreational boats, and other private vessaysot have
been capturedVVard Marine Inc. 2015)Although most transits thnagh the HS occur in the
summer,ice breaking cargeesses$ servicehe Raglarand Nunaviknine sites viaDeception

Bay, QCyear round(Vard Marine Inc. 2015)



Between Decembeaind May, when theédSis fully icecovered, the sea ice can bery difficult

to travel through, even for icbreakingvessel{Mussells et al., 2017)During periods of high

ice concentration, the Efloes in Hare still mobilemaking transits more challengingre floe
movement through the Strait is influenced by a variety of factors such as ocean currents, winds,
tides, proximity to land, and ice concentration and thickness (Kubat and Sudom 2008). As ice
floes converge, the &can be put under immense pressure. Ridges®i2in height have

been observed inlte HBGMarkham, 1986).

Regions of high ice pressure can be hazardous for ships transiting the passage, and can cause
them to become besetMussells et al., 2016)n the HS, when a vessel is trapgadce, or

beset, they must attempt to free themselvesnd when free, they must try to continue through

the iceby repeatedly backing the ship and ramming the ice ahi@adKean, personal
communication, March 5, 20)8ThisLINE OS&aa 2 F Wo I @dulsiyitheuteyffR NI YYA Y
more heavy fuebil (HFORandthe emission ofmore greenhouse gases. In some situations, the
ship must wait until the pressure is releag@d. Kean, personal communication, March 5,

2018. A trapped vessel may require assistance from an icebreaker, or may experience damage
from the pressurd ice reslting in pollution to the environment (Kubat and Sudom 2008). The
situations arising from a ship becoming beset can be financially costly, and environmentally
damaging. A better understanding of the formation and release of pressure events in the HS
would provideinsight that could allow formproved navigational safety of shipping operations

through the Strai{Mussells, 2016)



1.3.2 Oceanographyf the Hudson Bay Complex

The HBS is composed of freshwater as a result of a large riverine input as well as inflows of
Arctic water from Fury and Hecla Straits (Drinkwater, 1986) Skteethas an average width of
100km, depth of 306@00m, and runs northwest for 40km from iseastern entrance (Saucier

et al., 2004; Staneo and Saucier, 2008). Although the net volume of flow is outwards from the
Srait towards the Atlantic Ocean, currents in tBgait run in opposite directions (Staneo and
Saucier, 2008). The northwest currelavfs into the HBS, along Baffin Island, and the southeast
current flows out of the HBS along the northern Quebec coast. The eastern entrance to the
Srait is characterized by strong turbulent flows as a result of strong tides meeting tides and

islands (Staeo and Saucier, 2008).

1.3.3 Seasonalariabilityof sea ice in the Hudson Strait

Sea ice inte HBSs influenced by strong tidal currents (tidal range can be higher than i
Ungava Bay), local and regional atmospheric forcing, and ezeamditions in Baffin Bay, the
Labrador Sea, and the Arctic Ocean (Saucier et al., 2004). Air masses originating over the
Canadian Arctic Archipelago (CAA) are important determinants of the climate in the esgion
cold, dry, continental type air massé®m the CAA flow southwaraver the Strai{Drinkwater,
1986) Theinfluence of theArcticair massover the Strait keeps the temperatures in the region

below zero for 8 months of the yeard. October to MayDrinkwater, 1986)

TheHSis seasonally ice covered following completelyfie® summers. Based on the CIS 30

year climatological period (1982010), by December 4th, most of the HS is ice covetigdre



2). Ice concentration is described by the fraction of a total area covieyade. This fraction is
measured in tenths, meaning 50% ice coverage in an area would be described as 5 tenths (5/10)
ice concentration. Figurd shows the average freeze up progress in the HS, based on
concentration of ice cover (in tenths) from the midaf November to the beginning of January.
The HS begins freeze up on the western side, with ice first beginning to form in Foxe Basin
during Novembe(figure3A). The ice cover then extends to western HS by the end of
November, growing from the coastlinéfigure 3B). By December™ most of the Strait is ice
covered, with just the eastern entrance and Ungava Bay remaining predominantly ice free
(figure3C). By Januarytlthe entireHSis 99+ tenths covered in sea ice. By this tirtleere is

also a ginificant anout of landfast ice(i.e. ice locked to the shorghetween 116160cm
(Drinkwater, 1989, that has formed along the southern coast of Baffin Island and in the inlets
along thenorthern Quebec coast (figui@D). Throughout the winter, plynyasJarge and
reoccurring cracks of open water, commonly open up along the southern coast of Baffin Island

due to prevailing windsdém the northwest(Catchpole and Faurer, 1983).
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Figure3. Median sea ice concentrations in the Hudson Strait on November 19 (A), November 26
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2011).
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A combination of ice melt antransport out of the Strait play a role in the annual summer
clearing of the HSAs temperatures warm, ande begins to melt, leads become more frequent
in the southernregionsof the Strait, until the remaining ice pack is restricted to Ungava Bay
(Catchpole and Faurer, 1988&albraith and Larouche (2011) found that the seasonal shift from
ice covered to open water area occurs relatively quickly in the HBS, with a recordedeoé

90% to 10% coverage in 7.8 weeks in Hudson Bay, and similar finding$di the

The earlier ice break up in the H&ordedin recent yeargAndrews et al., 203 Hochheim and
Barber, 201)coincides withncreasingair temperatures in the regiarSpecifically,ecords for

the HSshow that, of the 19 warmest summers on record, 11 occurred between 1991 and 2009
(Galbraith and Larouche, 201Moreover,Joly et al. (201)lestimatel that temperatures could
likely rise an average of 3@ in the HBSegion, with higher rates of warming occurring in the
winter than in the summeby the midcentury or end of cetury. This study indicates

warming scenario that would result in the sg® season in the HBS being reduced 8y 7

weeks(Joly et al., 2011)

1.3.4Pressured ice and ridges in the Hudson Strait

Pressure riging of ice is common in the HS as the ice concentration in the winter is high, and
the ice remains mobil@ussells et al2016) Mussells et al. (2018pund thaticeridges often
occurred in the shear zone at the entrance to Deception Bay, at the entrance téShear
Resolution Island, and in the area between Charles Island and the coalstiissels et al.

(2016)alsofoundthat low ridging seasons often had a mat@riable freeze up and break up
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period. Mussels et al. (2017pund similaritiesvhen looking athe amount of time theviv
Arcticspent besetand the density bridgingacross the HHigher density of ridges was often
associated with moréesetments However, great variability still existachen looking at the
difficulty the MV Arctichad as it transited through zones identified with high gdignsity.
Transiting some areas identified with high ridging density NhéArcticdid not becomebeset,
while she did become beset while transiting soareas with low ridge densitfMussels et al.
2017).Between the 19908 and 201112 winter season, no significant change in the number of
ridges identified over timavasdiscovered although thenumberidentified from year to year

varied(Mussells et al., 2017).

1.3.5Atmospheric circulation pattes affecting the Hudson Strait

Winds have been discussed as a driving factor creating pressured ice and ridges (Mussells et al.,
2016;Kubat et al. 2012 Geostrophic windsave been shown to benportant determinants of

ice drift on shorttime scales (Kwok, Pang and Kacimi, 2017; Tikerand Colony, 1982Vhile

winds commonly move from areas of high pressure to areas of low pressure, ice drift has been
found to occur along isobars of atmospheric surface presdiepgaranta2011; Thorndike and
Colony, 1982).

Atmospheric pressure in thdSis dominated by a lovpressure system over the Davbtrait

causing north to norttwesterlywinds to be prominent, due to the cyclonic nature of togv

pressure system (Drinkwater 1986). This system brings cold continental Arctic air over the HS.
Anomalies in atmospheric circulatidrave benfound to havean impact on the patterns of

advance and retreat in the H®rinkwater 1986) Northerly winds often bring an earlier ice
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advance season, and are associated with an intense low system over theAtlantic,
specifically souttwest Greenland anthe Davis Strait. Westerly winds ovwbe HS are
associated with a lowentered oversoutheastermBaffin IslandSoutherly winds are discussed
as bringing an earlier ice retreat in the HS and are associatedomithressuresystems
centered overFoxe Basin or Northwest Quebgarinkwater 198% Mussels et al. (20)Gound
that most £asons with low ridge densitiebetween 1997 and 2012, had anomalous high

pressure anomalies ovétS

1.3.6 Shipping patterns in the Hudson Strait

The HSs used as a shipping route for diverse purpdasesughout the yeaiconsisting otargo
ships traveling from the Port of Churchill, communitysteply ships, tourism ships such as
cruise ships and private yachts, and vessels servicing resource extraction opefdémhs
Marine Inc., 2015). Between 2007 and 2013 an average of 59 unique vessels made an average
of 176 transits through théiS(Vard Marine Inc. 2015Rizzolato et al. (2016) show that,
between1990 and 2015, the H&perienced the strongest significantrease in shipping
activity compared to other regions in the Canadian Ar@lso see Dawson et.g2018) One
main reason for vessel transtihrough the Strait is thathe Straitserves as a shipping access
route to thePort of Churchill, Manitobdowever,the port closedin 2016andits future usewas
uncertain(Andrews et al., 2017)n 2018,a new company, the Arctic Gateway Group,
purchased the Port of Churchill and railroaad proceeded to repair the railway to allow for
continued use of the portBarghout 2018) The federal government also contrileatfinancially

to facilitate the chage of ownership and repes of theport and railroad (KavanagR018b)
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With the railroad fied, the Port of Churchiill reopen and there will be potential for

increased ship traffilm the area.

Resource extraction voyages asoresponsible foheavy ship traffithrough the Fsin the
winter seasor(Vard Marine Inc., 2015TheRaglan nickel min@ne of two operational mines

on the shores of the H$ serviced year round by an {beeakingvesselthe MV Arctic(figure

4), owned by Fednaltd. shipping companyBetween 2005 and 201#he MV Arcticcompleted
33 oneway wintertransits through the B(Mussells et al., 2017\With a global demand for
natural resources and promising possibilities of resource extraction due to easier access to
remote locations and more fedse transportation of productst is likely we will see coimtued
explaration in the region (AMAP, 201L2Even if no additional offshore oil extraction or coastal
mining operations are established, vessel traffic kkély rise even with exploratiomitiatives

(AMAP, 201p

Figure4. Photo of theMV Arctc, (Fednav,1978).
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1.4 Outline of thesis

This thesis is article based and is organized by chapters. This first chapter is an introduction to
the thesisand as seen above includes some background information on the &ipatyand

region The second chapt@utlines some of the key literature and fundamental areas of
information for the thesis topic such as relevatgfinitions information onsea iceshipping

trends, risks,and regulations irthe Arctic. The third chapter is formatted as a research article,
with the intention to develop the work into peer reviewedournal article. The title of the

research article isdtUnderstanding of Factors Contrifing to Pressured Ice in the Hudson Strait,
I'FYEFEREFEY Yy AYUSNRAGOALX AYIFINE Fylfeara 2F NBaz
area section of the research artiaghecessarilynclude some repition from thether thesis

chapters, in order to ensure that the arcticlean standon its ownas a single documenthe

final chapteroutlines the studyconclwsion incluidng some finakomments adesctiption ofthe

limitations of the study, and a comment on future research directamgneeds
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CHAPTER BACKGROUND

2.1 Sea Ice Properties, Thermodynamics and Dynamics

2.1.1Physical Properties afe

In order toinvestigatethe causes and impacts of pressured sea ice, it is important to
understandthe basicphysical propertiesf sea iceSea ice is frozen ocean watbat consists

of ice crystals, solid salts, air, and brine. It is commonly classified by age; first gead gear,
and multiyear iceFirst year ic€FYl¥ormsasair temperaturecools below the freezingoint,
whichallows surfacewatersto freeze over. The maximum thickness of FYI that has not been
deformed is~2 m (Maykut and Untersteiner, 1971FY| that survives through the summer melt
season gets reclassified as second year ice (SYI) on Octobes that survives more than 2
yeass is called mukyear ice (MY1), although SYI is sometimes geduipto this label as well. As
iceages through the winter season, or over several yahesbrine isrejecteddownwards
through the icepackesulting in lower salinitynaking the ice strongr and more hazardous to

transiting shipgCanadian Coast Guara012)

2.1.2Seaice thermodynamics

Sea ice thermodynamics areet processes that cause the freeze up and melt of seandare
important in determining ice coverage extent atidckness. The interaction between seze
thermodynamics and sea ice dynamics (described below) is important uitteup of sea ice
pressure Seaice thermodynamics will be described through the categoriese®ze up, winter,

melt onsetand advanced melt.
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2.1.2.1Freeze up

Sea ice forrmwhen surface air temperatures drop below zero and cool the surface layer of the
ocean.As the surface water lowers in temperature, the density of the water increases
(Canadian Coast Guard, 2012his chage in densitycauses convective mixingpweverin the
Arctic Ocean, thimixingis moderated bythe salinity anddensity stratificatiorof the water

column Asair temperaturedrops, the coolersurface water cannot sink below the deeper more
saltywater, allowingthe top layerof the ocearto cool below freezing and begin forming ice
even before the rest of the water column has cool&kiis allows ice to form very quickly
(Serreze and Barry, 200%ecrystalsthen begin to cluster together towarde surface of the
water forming a slush called frazil ice. As freezing continues, the crystals increase in size and
number and together form a layer afazil ice, called gress ice. As cooling proceedginds and
waves interact to converge and pile gsedce, forming semi consolidated ice, or pancake ice,

young iceand first year icdCanadian Coast Guard, 200instedt, 1985).

2.1.2.2Winter Ice

During thewinter, sea ice continues to thickemd consolidagsinto young ice aneéventually
FYIgrowing through bottom accretiariYoung ice&ean besub-divided into grey ice, with a
thickness between 105cm, and greyvhite ice, with a thickness between -B®cm. When
young ice is under pressure, it is more likely to raft than to riéiyican besubdivided into thin
FYI, with a thickness between-30cm, medium FYI, with a thickness betweenl20, and

thick FYI, with a thickness over 120dmyronment Canada2005. Whenthicker iceis put
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under pressure, more difficult navigation atitions existM. Kean, personal communication,

March 5, 2018

2.1.2.3Melt Onsetand Advanced Melt

Sea i@ melt is initiatedwhen air temperatures start to rise abov@ C.As snow cover on the

sea icebeginsto melt, ponds of water develop atle surface of the ice, first forming in
depressions on the ice surface (Barber, 2005). These areas of poolingowaker ice surface
contributeto lower surface albedo, advancing the absorption of incoming solar radiatid
increasing the sea ice melt ¢i&n, 2003)Thaw holes develop as surface puddles melt through

the ice pack to the water below reducitige strength of the ice (Environment Canada, 2005).

2.1.3Seaice dynamics

When the ice is not land fasté€. locked to the shore), it is in constant motion due to external
forces of wind and water streg&ubat et al., 2014)r'his dynamic motion causes the
convergence and divergence of ice, changing its thickness, concentration, and distribution

(Serreze adh Barry, 2005). These processes can result in the creation of pressure ridges.

2.1.3.1Lead and Polynyas

Leads, or polynyas, are large cracks of open water that open up between icedlobetween
the shore and the ice packThese cracks ammportant for heat transfer from the ocean to the

atmosphereas they allow the water to interact directly with the atmosphere above, without
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insulation from the ice coveleads are linear breaks in the ice that commonifreeze quickly
in the winter morths, while polynyas are larger, ndinear, openings that have not yet+e
frozen and that are quasitationary, sometime even reoccurring on an annual basis
(Khvorostyanov et al., 2003)hepresence of leads and polyny@smportant for navigation as
they indicatethat the ice is not under pressure that area(M. Kean, personal communication,
March 5, 2018 The presence of even a small crack (a few cm wide) can ease navigation

through a difficlt consolidated ice coveM. Kean, personal communicatiodarch 5, 2018

2.1.3.2 Divergence

Divergent force®ccurwhen winds and currents combine to reduce ice concentration and
release ice pressur@igure5). When this deformation causes ice flaebecome thinner and
move apart, cracks open up in thee, exposing open wat€Berreze and Barry, 2009hese

cracks, as described above, are called leads or polynyas.

_— —  Winds -
.’___‘L e ]
Divergence Convergence
-— -
Ridge sails
[Ice fioe — 5N Ice floe
Generation of open water N =0 A . 7
-> new ice growth == - G s .V
2N W, o= \
ra "\J Ridge keels =
\._\H __.‘*’"/
T Currents — Pressure ridge formation

Figureb. Divergent and convergent ice processes and the formation of pressure ridges (Haas,
2003).
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2.1.33 Convergence and pressurelges

Oceanic and atmospheric forces work together to cause the closing, or convergetieeioef
cover resulting in the rafting and piling of ice fldégure 5)(Kwok, 2001Serreze and Barry,
2005) The driving forces involved include windrreuts, tide, and swellGanadian Coast
Guard, 2012Kubat and Sudon2008). Convergence increases the concentration and

creates pressure in the ice, initiating the formation of pressure ridges (Rigdy 2002). In
addition to atmospheric and oceanic forces, several factors including ice concentration, ice
breakup, floe size, and proximity to lanthp a role in the formation and size of pressure rlge
(Kubat and Sudon2008). Ridges form by either compression or shear forces, both resulting in
ice blocks breaking off at the location of convergence and freezing together over time. The
accumulation dice occurs above and below the waterline creating both a stack of ice above
(sail) and a below (keel) the surfa@mgure 5,§. For first year ridges, the keel of the ridge is
usually around 4 times as deep as the corresponding sail (TimcBwaddn, 1996). Keel
depths of 50m have beerknown to occuybut aremore commonlyfound atdepths between
10-25m (Wadhams, 2000Example®f pressure ridges encountered by the MV Arctic while

transiting the Hudson Strait can be seen in figures 6
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Figure6. Pressure ridge showing sail above waterline and keel below waterline. (Ogilvie, 2019).

The build up of ice presseiican be greatly influencday local conditions and coastlines (Kubat

et al., 2014)Pressure ridges commonly form where mobile ice comes in contact with landfast
ice, such as at a shear zone, or when the ice is forced through a bottleneck as a rémult of
geography of the arg&wat and Sudom, 2008). The shear zone is where the mobile pack
meets the land fast ice. As the mobile pack moves paslahéfastice, it can grind against it,
causing the creation of pressure ridges and deformed ice (Bourbonnais and Lasserre, 2015;
Leppaanta, 2011). Over time, the continued motion of the pack ice against the shear zone can
create a highly compacted and ridged zone (Bourbonnais and Lasserre, 2015; Mussells et al.,
2017). Pressured ice ridges also frequently occur in areas where leadlyoygmhave recently

refrozen, as the new ice is less strong than the surrounding ice (Wadhams, R0@6).idges
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begin to break up, it does not occur all at onaher they break up slowly by the
dislodgement of blocks. The amount of time it can tal@gessure ridge to dissipate is variable

and influenced by the concentration of the ice shaatithe geography of the area (Kuband

Sudom 2008).

Figure?. Pressure ridge beside MV Arctic, while vessel is stuck in shear Feheuary2019.
(Ogilvie, 2019).

In areas of seasonal sea ice cover, with rarely any MY| and icebergs that flow through,
pressured ice and ridges can present the largest stress/gsstels could encounter tvaling
through the iceln high ice concentration, regions of heavy ridging, as a result of previous ice
pressure, can still be challenging for a ship to pass through after the pressure has released

(Mussels et al., 2018imco ¢al., 200Q. Pressured ice and ridges are very hazardous
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challenges to vessels traveling through the ice, and to offshore structkitdsa( et al., 2014,

Kubat ¢ al., 2011; Timco et al., 20p0

Figure8. Sea ice riges in te Hudson Strait, Fegrary 2018 (Ogilvie, 2018)

A report created by Vard Marine Inc. (2015) evaluated the risk of ship besetment liSdred
establishedK S NAX a1 f S dfRybre B This sk \BaRekirdx¥based on the fact that
thereis a high likelihood of besetment when navigating throughkg&n the winter months
and as well the potential consequences of besetment could be signifidannhcreasén traffic
through theHS specifically if itvere to include less experienced operators or less capable

ships,would increase the risk of an accident (Vard Marine Inc., 2015).
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Figure9. Risk Evaluation of ship besetment in the Hudson Strait (Vard Maaone015).

2.2 The impact of sea ice changes on shipping

2.2.1 Changes in shipping activityrough the Canadian Arctic

Pizzolato et al. (2016) found significant increases shipping activity, betweer20990in the

HS Beaufort Sea, Baffin Bay, aradjions in the southern route of the Northwest Passéagjeo

see Dawson et al. 2018)/hen comparing increased shipping activity wigductions ofsea ice,

this study found significant correlations in some regions of the Canadian Arctic. These regions
were primarilyin multiyear icedominant regiors (such as the Beaufort Sea) rather than
seasonal sea iaegions(such as thé1g (Pizzolato et al., 2016\Ithough some studies have
focused on thencrease in opportunity for Arctic shippimigie tolonger open water seasons
(e.g.Barnhart et al., 20155mith and Stephenson, 20j13everal studies suggest that current
changes in shipping patterns are more a result of tourism trends, commodity pricesasunal
resource development(g.Bensassi edl., 2016; Brighan2011; Dawson et al., 201Rizzolato

et al., 2016.

Currently, the majority of commercial shipping in the Canadian Asctlestinational traffic

rather than throughtraffic, or transit shippingPEW, 2018)Iwo maintypesof commerdal
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destination trafficin the Canadian Arctic includhipping to and from mining operations and
the annual sedift, delivering supplies to Arctic communities (PEW, 2018). Tourism vessels
visiting locations in the Canadian Arctic also fall under thegmateof destinational shipping.
With climate change, severatientificpapers have been published discussingfiltere
possibility of through shipping across the Aretider the assumption thatew transit routes
will open up with sea ice declif@ksenov et al., 2017; Khon et al., 2017; Melia et al., 2016;
Smith and Stephenson, 201Stephenson et al., 20)1The idea thatiminishedsea ice in the
Arctic could open up Arctic shipping routes such as the Northwest Pa@s@de) the Northern
Sea Rote (NSRand Transpolar Sea RoUfESRhas also been widely discussed by the media

(Barghout 2018;Black 2011;Vidal 2013;Macalister 2011;Parfit, 2017).

The transit distance from North America to Europe or Asia via the Arctic, rather than the
Parama or Suez canalsthousands of kilometershorter saving fuel, time and costs to

shipping companies, in theofiKhon et al., 201;Melia et al., 2016; Stephens, 201k reality,

there are many additional complications for ships transiting through Arctic waters, such as sea
ice,uncharted seasgxtreme weather conditions, and increased risks due to remoteness
(Stephens, 2016)n 2018, China published a report on thaictic policy, highlighting their

interest in increased shipping across Arctic waters, and encouraging improved infrastructure in
the Arctic to allow for safe international trade through Arctic watévn{stry of Foreign Affairs

2T GKS t S2 bfiClna,201@Foildaiadaio@romote shipping through the NWP to
China, it would need to make significant investmentsis is requiretb make the route a safer

option and to avoid potential liability considering that the route is claimed by Canadiaas i
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waters Huebert, 2009Stephens, 2016 The region requires additional investment in Arctic
ports, search and rescue services, improved charting and hydrography, and additional clarity on

GKS LINRBLIR2ASR W[ 26 LYLNI;CtiéphednR0MBAR2NEQ o[ L/ U0 06t 9

The LIC are routes that are being developed across Arctic Canada, and which are being
discussed in other regions of the North Amerigenatic, where services and infrastructure will

be prioritized and where ship traffic is encouraged to transit. In Cane@dasport Canada, the
Canadian Coast Guard, and the Canadian Hydrographic Service are leading the jiitibiive

has been slow tdevelg and there has been significant confusion regarding the
implementationof the LICg§see PEW 2015; Qfiér et al. 2Q.7)(also see Section 2.2.5 for
additional detail on the LIC). Given these factors, it is unlikely that through ship traffic through
the NWPwill increase drastically in the sheierm future. However, with climate change and
technological developments in ship design, the geopolitical and economic interests in shipping
throughout the Arctic will make significant increases in through trafficsratt possibility in

the medium tolongterm future.

2.2.2 Necessity for vessels transiting through the Canadian Arctic

Many differeri types of vesselg I @A 3 S GKNRBdzZZK /I yI Rhpases ! NOG A O
(Table ). With over 100 000 Canadians living in Northern communitregjne transportation

of supplies ign essentialifeline to re-supply necessary commaodities to these commaasiti

(Hodgson, 2013). Alternativaethods of resupply by rail, motor vehicle, or byrare often not

available, or too expensive, making marine delivemeléspensabldor the livelihoodof these
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people(Hodgson, 2013). An increase in population in Northern communities, or increase in
remote workers at new resource extraction operationsuld result in ehigherdemand for

marine resupplyvoyagesA globaldemand for natural resourcdsas the potential to increase
offshore oil exploratiorand proposed northern resource extraction projects, both of which
would increase shipping activity the Arctic to support the operations (Hodgson, 2013).
Pleasure Craft and Cruiskip activity has beemcreasing asruisetourism,one of the fastest
growing sectors ofrcticshipping is servicing a growing global desire to see the Arctic before it

is totally transformed by climate chan@@awson et al., 2007, 2014; Hodgson et al., 2013).

Tablel. Description ofdifferent vessel types and theassociatel uses (Compiled fromArctic

Council, 2009 (Table 5.2 and 8.Dawson et al., 2004

Classification

Description

Ship Use

Government Vessel
and Ice Breakers

Designed to navigate through ice
covered waters with a strengtheneg
hull, and iceclearing shape and the
power to push throug ice.

Coast guard vessels,
research icebreakers
(research, private,
government), research
vessels

Container Ships

Cargo ships that carry their load in
truck-sized containers

Cargo transport

General Cargo

Designed to carry various types an
forms ofcargo

Community resupply
vessels, roll on/roll off
cargo

Bulk Carriers

Designed for bulk carriage of ore b
can also carry oil or loose or dry
cargo

Timber, merchant, oil,
ore, automobile carriers

Tanker Ships

Constructed to carry liquids or
compressedjas

Oil tankers, natural gas
tankers, chemical tankerg

Passenger Ships

Ships that carry passengers

Cruise ships, ocean liners
ferries

Tug/Barge

Tugs are designed for towing and
pushing and general work duties
while Barges are nepropelled
vessels designed to carry bulk or
mixed cargoes

Resupply vessels Bulk
cargo transport

Fishing Vessels

Used for commercial fishing. Vesse

Small fishing boats,
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are often small, measuring close to trawlers, whalingboats,
30m, but can be as large as 100m.| fish processing boats

Oil and Gas Designedor the exploration and Seismi¢oceani¢and
Exploration Vessels| extraction of natural gas and oil hydrographic survey
vessels, oil drilling vessel
oil and gas storage
vessels, offshore re
supply, portdle oil
platform vessels, other oi
and gas support vessels

Pleasure Crafts Small vessels used for personal Personal yachts, small
voyages or small cruise tourism cruise tourism vessels

2.2.3Risks associated with an increase in Arctic shipping

Sgnificantfinancial ,environmental ecological, sockeultural, and governancesksand costs

reman when navigating through unpredictable Arctic wate3sme additional financial costs

that exist for organizing regular Arctic voyagesnpared to shipping in the soutmclude
highershipinsurance costs, financing the constructioince strengthenedvesses, and paying

the extracost of hiring icebreaker support (Arctic Council, 20488dgsa, 2013.

Environmental risks include an increase in heavy fuel oils (HFOs) being burned in the Arctic.
HFOs are some of the most polluting fossil fuels and the emissions generated in sensitive Arctic
environments can create negative environmentapacts(Yumashev et al., 2017 Ecological

risks include introducing invasive species, and having ships pass through ecologically sensitive
areas and disruptingr harmingwildlife, such ashroughmarinemigration paths (Arctic

Council, 2009Hodgson, 2013Lack of adequater complete navigationathartscan increase

the risk of vessel grounding, which can result in both financial costs and environmental
disasters from damaged shifgard Marine Inc.,@L5) Sociecultural impacts of increased

shipping through Arctic waters include contributing to cultural degradation and shipping
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through traditional hunting groundsr areas of historical or cultural significance (Dawson et al.,
2014; Inuit Circumpolardtincil, 2008 Vard Marine Inc, 20)5Governancehallengesalsoexist
in determining who will be responsible to finance and coordinate the clgaof an

environmental disasteor the cos of an emergency ue mission.

Considering thenterdisciplinary complexitiegvolved it is clearthere aremany increased

safety riskwhen navigating through remote waters and difficult ice conditions (Arctic Council,
2009). To address some difiese issues e International MaritimeOrganization (IMOas

spent several years developing an International Code for Ships Navigating in Polar Waters (Polar
Code) thatwvent intoforceon 1 January2017.These new regulations are mandatory for all

ships certified under SOLAS (Internationah@mtion for Safety of Life at Sea) and MARPOL
(International Convention for the Prevention of Pollution from Shipkg Polar Code contains

rules and regulations to increase environmental protection standards and reduce

unpreparedness of vessels travejithrough Arctic waters (IMQ015).

2.2.4Regulations to reduce risk of ship accidents

In Canadafederalregulations are in place to dictate which strength a ship must be to travel
GKNRdzZAK RAFFSNBYG LI NGa 27F / | AlisHppityactivipgNOG A O 4 |
north of 6C°N is regulated by the Artic Shipping Pollution Prevention Regulations (ASRR&

Arctic Waters Pollution Prevention Act (Andrewsakt2017; Transport Canada, 2010nder

the ASPPR, regulations are set based on permitted entry and exit dates for established shipping

T2y8ad® ¢KAAZ &%2y S ksBangihBned vseld I6nyes actess widdbwis ink O S
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zones otherwise offimits to ships for that date (Andrews, et al., 2017; Transport Canada,
HAMAO® '3 RA&AOdzZAASR o0& ! yYRNBgaz $6kbf dSopgamiuby
out of date as they are based on dea conditions that existed when the ASPPR was developed

in 1985.Transport Canada has responded to the need of a more flexible system for shipping
regulations in Canadian waters by the implementatiothef Arctic Ice Regime Shipping System

(AIRSYANdrews, et al., 2017; Transport Canada, 2010).

AIRS$ based on a calculation that takes into consideration several factors such as ice

conditions and vessel capabilities. The systasignsessel classes 8 SR 2y | @SaaSt ¢
strength, displacement and pawfor breakingicé Y R I NB 3INRdzLISR Ay G2 (2
G/ Y/EyFRALFY 1 NDGKTangpdrtiCanada, 2608ACGvdssdss arg able to travel

through more difficult ice conditions than Type Class vesBelermined ice classes, however,

do not always guarantee safe transit of a vessel throiogFinfestedwaters. For the Hudson

Bay regionatourismvessel must have a minimum ice clasgdd{Stewart et al 2010. This

vessel is, by definition, permitted to travel through seatltat is 76120cm thick (Figurd.0).

Sea ice in the Hudson Bay region, however, can be as thicBrasahen the ice is deformed

and ridges ee present Markham, 1986Stewart et al., 200). Ice this thickness over the

established mit for safe transit of Aclass vessels.
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Viesse Maximum Allowable . lee ]
) Thickness

Class Ice T:r'pﬂ (cm)

CAC] No Limit no limit

CAC2 Multi-vear no limit

CACS Second-year no limit

CACa Thick First-year = 120

Ivpe A Medium First-year J0-120

v B Thin First-year (stage 2) 20 -7l

I'vpe C Thin First-vear (stage 1) 30- 50 Increasing

I'ype D Grey-white 15-30 | ™%
capahility

Ivpe E Open Water / Grey 10-15

FigurelO. Vessel Class and Maximum Ice Type they can travel through, as defined by AIRSS
(Transport Canada2003).

Underthe Polar Code (IMO, 2015) there is a new mandatory regulatory systdlad POLARIS,

for vessels travelling thigyh polar watersPOLARIS, or the Polar Operational Limit Assessment

Risk IndexingyStem, was developed in part based on AIRSS (IMO, 205)isk indexing

system functions similarly to AIRSS by evaluatingdithi¢éations of a ship in different ice
NEIAYSas olaSR 2y GKS axm)lBaldwing thérisiocaldulatislSaR A OS
level of operatioris defined formal operationglevatedrisk operation, or operation subject to

special consideration POLARIS also includesommended speed limits for each level of

operatono  aSR 2y F aKALIQ&a SadlofAakKSR A0S Oflaao

2.2.5The Low Impact Shipping Corridors Initiative

In anticipation of increased shipping through Canadian Arctic waters, the Canadian Coast Guard
initiated the Northern Marine Transportation Initiati{®MTI)in 2012 (Andrews et al., 2017;

PEW2016).{ A YOS wHnmc (KS bac¢L KIFIad 0SSy NBFSNNBR (2
This initiativeestablishedvoluntary nmarine corridors, whin whichvessel taffic is suggested to

remain. With vessels transiting through the defined corridargricial, naterial, and human
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supportcanbe focused in thesareasto allow increased navigational aid and safer transit,
when possible (Andrews et al., 20X7hénier et al., 201 PEW 2016).These shippingorridors
were defined based on historical and projected shipping pattefgseport bythe PEW

Charitable Trusts 2016, identified key gaps in with the exngficorridors establisheds they
were created without sufficiently accounting for environmental and socaiexities that
SEA&AG Ay [/ |yl PEWRELE)HMNNBErin®lovénbér 8f1RE1L6, the Canadian
government committed 1.5 billion dollars to the Ocean Protection REBNews 2016) As a
part of this strategy, establishing Low Impact Shippiogi@ors are identified as a priorityhis
priority involves partnerships with indigenous community members and Artic stakeholders for
improved input on establishing these shipping corridors. The initiative also statédkbe

consciouf respecting lhe environmem as well as community cultuse
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CHAPTER 3: Understandihg Factors that Contribute to Pressured kad that
Cause Winter ShipeBetments in the Hudson Strait, Canada

Abstract

Pressure ice and ice ridges are a significant hazamdvt@ation through Arctic waters. These

sea ice features can cause ships to become beset, or stuck, in sea ice for even days at a time,
increasing the costs of operations, and presenting additional environmental risks. Icebreaking
cargo ships that transytear round through the Hudson Strait in Canada are often delayed by

the difficult transiting conditions present in the Strait as a result of ice ridges. There are few
studies investigating the use of meteorological data for understanding the formation and
presence of ice ridges in a geographic area. This study identifies periods of heavy ice ridging in
the Hudson Strait based on logbooks kept (from 200%7) by the MV Arctic, a ship that

regularly transits the Hudson Strait in winter months (Jangdwarch). Looking at both periods

of heavy and minimal ice mthg, based on the observations of the MV Arctic, meteorological
variables are investigated to determine any patterns that can be found with periods of heavy
ridging. To investigate conditions priar the ship becoming beset, meteorological data from a
land based station is used. The reliability of using land based meteorological data to understand
the meteorological conditions in the nearby marine area is investigated, sh@esitve

moderate corrdation between the data recorded on land the data recorded on the ship, and
there are similawvariability. This study did not find strong patterns between thhed based
meteorologicaldata recorded prior to thehip having a difficult transit through trerait, such

asany relationships in the meteorological ddtaat would allow the Salluit weather station

data to be used tainderstand what might have caussiynificant pressure ridging in the

33



nearby marine area. This study did however find similaritie@mospheric pressure pattes,
from reanalysis datgyrior to difficult ship transits througltthe Hudson Strait in the winter. As
well, this study foud some similarities in wind patternffom reanalysis, that corresponds with
heavier and lighter iceanditions in the regionstudied, whicHikely impacted the difficuit of

the transits. his study suggests that using atmospheric pressure patterns and wind data to

better understand the influence on ice dynamics in the regsdarther investigated.

Key words:Arctic shipping; Hudson Strait; sea iskipbesetment; pressured ice; ridges
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3.0 Introduction

Air temperature in the Arctic is increasing two times faster than elsewhere in the world (IPCC,
2018)which is associated with@ecline in sea ice extent and thickness that has been
observable since the beginning of the satellite record in 1979 (Blundeéendt, 2017;

Lindsay and Schweiger 205¢rreze and Stroeve, 2016; Serrezalgt2009; Strove et al.,

2011). Thedecline in seace haimproved navigational conditions by creating longer open

water seasons and an overall thinner and younger ice paitice 1990 an increase in tourism,
cargo transport, fishing, and tanker activities related to resource extraction is evident in the
Canadian Arctic (AMAP, 2012; Dawson et al. 2018; Pizzolato et al., 2014). Although it is
predicted by some that shippingvity along major shipping routes of the Northern Sea

Route, Transpolar Route, and the Northwest Passage (NWP) will rise in the coming years with
climate change (Gascard et al., 2017; Melia et al., 2016; Smith and Stephenson, 2013), it is
uncertain to what extent the reduction in sea icedsivingthis increase in traffic in Arctic

waters. Other factors such as tourism trends, natural resource development and fishing activity
could hold a greater influence on the amount of shipping occurring througticAvaters

(Bersassi et al., 2016; Dawson et al., 202017 Eguiluz et al., 2016; Pizzolato et al., 2016).

For all ships transiting throughe Arctic navigational hazardsom sea ice, suchsbecoming

beset or damaging the ship in remote environmeraie important to consider (Bourbonnais

and Lasserre, 2015). As a result of climate change, the Arctic ice pack has become more mobile
causing thicker multi year ice to flow into areas it was tEsamonly seen before (Barbet al.,

2018; Howell et al., 2013Fpreen et al., 2011; Tivy et al., 2011). This increase in mobility could
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also result in an increase in sea ice deformation and the creation of pressure ridges
(Bourbonnais and Lasserre, 208green, Kwok and Menemenlis, 2011; Stern and Lindsay,
Hanpo®d® { S A0S GdzyRSNJ LINBaaddz2NBé¢ |yR NBadzZ GAy3
strengthened vesselss they can be a very difficult obstacle for the ships to pass through and
can causeships to become besethese types of ice formations occur when winds, tides, or
currents interact, in regions of high ice concentration, squeezinfiaes together and causing
pieces of ice to break off and accumulate into a wall of ice that extendgeadnad below the

water surface (Lepparanta, 2011). Landpesan also increase the likelihood of ice pressure,

for example, when ice is pushed through a bottleneck between an island and a coastline (Kubat
et al., 2012). In high ice concentration, regiaifieavy ridging, created as a result of previous

ice pressure, can still be challenging for a ship to pass through after the pressure has released
(Mussels et al., 2016; Timco et al., 2000). These ice rigepose a significant navigational

challenge tansiting ships (Kubat and Sudom, 2008; Mussells et al., 2017).

The Hudson Strait serves as an example of a region where pressure ridges create a navigational
hazard to icebreaking vessels as pressure events and resulting ice ridges are contmson in t
areaduring the winter seasarPressure events in the Hudson Sttatze been known to cause
vessels to become beset and delayed for several days at gMussells et al., 2017). Two
icebreaking cargo vessels transit year round through the Hudson Stistiece mines in

Deception Bay in Northern QuebéltheMV Arcticis an icebreaking Oil, Bulk goods and Oil

(OBO) carrier with a PC4 ice class rating (Fednav, 2014), meaning it can safely transit through

thick first year ice (>130cm) with old ice incluEdiACS, 2011). It is one of the two vessels that
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transits year round through the Hudson Strait to service a mine in Deception Bay, bringing

supplies and fuel north from Quebec City and carryiingel and coppeore concentratesouth

from Deception Bay €lu et al., 2015). While transiting through the HS in the winter months

(January March), theMV Arcticencounters ice pressure and ice ridges sometimes causing the

ship to beomebeset for several days at a time (Bourbonnais and Lasserre, 2015; Massells

al., 2017; Mussells et al., 2016). a KAL) 60S02YSa ao0SasSi¢ o6KSy AlG A

advance forward or backwards due to ice conditions.

To date, he majority of research on pressure ridges that has been completetbbased on

the scak of a few kilometers (Kubat and Sudom, 2008; Kubat et al., 2012) or used satellite
imagery to investigate ridge formation (Mussells et al., 2017, 2016). Shipping companies and
captains are calling for more detailatid finer resolutiorresearch in orderd improve the
understanding of the formation of pressure and ice ridges at a ship scale, in the hopes of being

able to predict their formation and presence in the future.

To respond to tk identifiedneedto better understand the formation of pressurecki that
causes ship besetment at a finer resolutitims study involved an analysis of selected historic
besetting events that occurreid the Hudson StraifTheoverarchinggoal ofthe study was to
identify if a relationship between meteorological variables influeshtiee creation of pressure
ridges causing delays to thV Arctic,in the Hudson Strait and to investigate if available land
basedor reanalysisneteorological data could be used to better und&mnd the development

of pressure ridges in an area prior to the ship arriving.
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The specificproject objectives were to:

1) Investigate thereliability ofmeteorological variablethat can be obtainedrom land
based stationgs a proxy for conditionsxperiencedlocally by ships transiting the
Hudson Straitoute near Deception Bay

2) Conduct a segce climatology in order to better understand the sea ice patterns of the
region and the influence they could have on thgamics ofce conditions for transiting
ships throughout the winter seaspand

3) Discernthe relative role of different meteorological variablesich as atmospheric
pressure and wind, in influencing the formation of pressured ice that has canistedic

besetments of theMV Arcticwhile transting near Deception Bay, the Hudson Strait.

3.1 Winter shipping in the Hudson Strait

The Hudson Strait (HS) is a narrow passage between the Hudson Bay basin and Canadian Arctic
Archipelago (via Fury and Hecla Strait) to the North Atlantic Offeame 11) The Strait is

bordered by Baffin Island to the north and by northern Quebec and Ungava Bay to the south.
Sea ice is present in the HS for about 8 months a year, and the Strait is fully ice covered

between December and May (Saucier et al.,£rinkwater, 1986). Sea ice formation

generally occurs from west to east in the Strait and from the shores into the center of the Strait
(Hauser and Gough, 2003; Mussells et al., 2016). Although landfast ice forms along the Baffin
Bay and Quebec coasthe majority of sea ice in the HS remains mobile throughout the winter
(Drinkwater, 1986; Mussells et al., 2016). Currents in the HS run in opposite directions with the

northwest current flowing into the HBC, along Baffin Island, and the southeast ctioesg
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out of the HBC along the northern Quebec coast (Staneo and Saucier, 0a&)itionto
these opposite currents, strong tides and freshwater-nfhhave an influence on the ice

movement and deformation in the Strait (Saucier et al., 2004).

Foxe Basin

® |galuit

Foxe Channel

b Cape Dorset
] 5
Coral Harbour Hudson Strait Labrador Sea
3o Deception Bay
Salluit
N
W+E Hudson Bay @ Kuujjuag
S

0 75 150 300 450
N m— Kilometers

Figure 11. Map of the Hudson Strait and surrounding area. (Ogilvie, 2018).

Although most transits through the HS occur in the summer, the two ice breaking vessels which
service the Raglan mine, operated by Glencore mining corp.thenNunavik mine, operated

by Canadian Royalties Inc., are impacted by pressure ridges during their winter transits to and
from Deception Bay, QC (Vard Marine Inc. 2015). Mussells et al., 019 investigated

ridging patterns in thédSfrom RADARSAT/ 2 and Mussells et al. (2017und asignificant

correlationof r’= 0.577@etween themonthly ridge count in the Hudson Straitd the amount
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of time theMV Arcticspent beset during winter transits (with the month of March in two

outlier years removed). Furtherpscific areas with recurring patterns of besetting events were
identified as the shear zone at the entrance to Deception Bay, the entrance tdShear

Resolution Island, and the area between Charles Island and the coastline (Mussells et al., 2016)
(Figurel?). A shear zone, where the mobile pack meets the land fast ice, is commonly a difficult
zone for ships to pass through (Bourbonnais and Lasserré,; RQissells et al., 201 Because
thesezones are formed as the mobile pack ice moves past the landfast ice, grinding against it,
causing the creation of pressure ridges and deformed ice (Bourbonnais and Lasserre, 2015;

Leppéranta, 2011).

Cluster Type and
Confidence Level

® Non-beset - 99%
@ Non-beset - 95%
© Non-beset - 90%
© Not Significant

© Beset - 90%

® Beset - 95%

® Beset - 99%

Figurel2. Cluster analysis for besetting events of the MV Arctic in the Hudson Strait from 2005
2014 showing common besetting areas in red of near the shear zone, at the entrance to
Deception Bay, between Charles Island and the Quebec coast, rmegar the entrance to
Deception Bay, and near Resolution Island, at the entrance to the Hudson Sitadd;

Mussells et al., 2017).
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3.2 Methods and data

The studyanalyzeds transits through the Hudson Strakirst, the spatial and tempordbcus
wasdefined,then the research was conducted through a phased approach based on 3 main
objectives (table 3) The spatial and temporal focus, and the 3 phases will be discussed in the

following sections.

3.2.1 Transit Seleabin

The MV Arctic typically makes 2 voyages to the Raglan mine in Deception Bay per winter
(JanuaryMarch) from Quebec City. Every voyage is made up of 2na@yetransits. During these

2 eastward transits, and 2 westward transits through the HS, ship ldgbam®@ updated every 2
hours detailing ship location, as well as noontime location. In addition, information on ice
conditions and coverage, weather conditions, maintenance activities going on, and details on if
the ship became beset are updated in thelogk. These logbook entries were acquired with

the permission of the ship operator for the winter months (January, February and March) of

2015 to 2017.

Mussells et al. (2017) created an inventory of completed winter transits, and frequency of
besetting events, of the MV Arctic through thdS between 2005 and 2014 by digitizing and
organizing the logbook entries. The same methods were followed to extend the inventory of
winter transits to include 2015 to 2017, creating a database of all winter traneits 2005
2017. This dataset was used to determine tb&l hours spent in the Hudson Strait during
each transit, the total time the MV Arctic spent beset in the HS, anghéneentage of time the

MV Arctic was beset during each transit through the(tdBle 2. This information was essential
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to compare the difficulty that the MV Arctic had on different transits as a result of encountering

pressure ridges and becoming beset.

Table2. All voyage length and time beset for all Mxctic winter voyages from 2002017
(data from 20052014 from Mussells et al., 2016 dataset).

Voyage Name Month of Total Hours in ~ Hours Beset Percentage

Voyage Hudson Strait Time Beset

2005_1 E Feb 109:32 33:32 30.6
2005_2 W Mar 119:23 50:23 42.2
2006_1 W Jan 32:00 3:00 9.4
2006_2_E Mar 135:17 101:12 74.8
2006_3 W Mar 79:30 21:20 26.8
2007_1_ W ** Jan 10:00 0:00 0
2007_2 E Jan 230:00 169:54 73.9
2007_3 W Feb 90:00 39:00 43.3
2007_4 E Mar 128:00 61:47 48.3
2008_1_ E** Mar 118:00 84:00 71.2
2009 1 W Jan 66:00 0:00 0
2009_2 E Jan 56:00 15:00 26.8
2009 3 W Feb 44:00 4:00 9.1
2009_3 E Mar 302:00 202:00 66.9
2010 1 E Jan 42:00 0:00 0
2010 2 W Jan 40:00 4:00 10
2010 3 E Feb 100:00 72:00 72
2010 4 W Feb 92:00 36:00 39.1
2011 1 E Jan 28:00 0:00 0
2011 2 W Jan 36:00 0:00 0
2011 3 E Feb 79:00 44:00 55.7
2011 4 w Mar 70:00 29:00 41.4
2012 1 E Jan 76:00 36:00 47.4
2012 2 W Jan 35:00 6:00 17.1
2012_3_E Feb 136:00 80:00 58.8
2012_4 W Mar 112:00 66:00 58.9
2013 _1 E Jan 53:15 14:15 26.8
2013 2 W Jan 136:00 84:00 61.8
2013_3 E Feb 220:00 157:00 714
2013 4 W Mar 170:00 100:00 58.8
2014 1 E Jan 104:00 58:00 55.8
2014 2 W Jan 58:00 10:00 17.2
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2014 _3_E Feb 366:00 302:00 825

2014 4 W Mar 160:00 88:00 55
2015 1 E Jan 54:00 10:05 18.6
2015 2 W Jan 48:00 5:30 11
2015 3 E Feb 54:00 3:00 5.5
2015 4 W Mar 134:00 70:25 52.4
2016 1 E Jan 218:00 140:25 64.3
2016 2 W Feb 284:00 161:00 56.6
2017 1 E Jan 42:00 0 0
2017 2 W Jan 56:00 4:30 76.7
2017 3 E Feb 248:00 4:00 1.6
2017 4 W Mar 256:00 44:00 17.2

** partial voyage

[y
N
)

=
o
1

Average Voyage Length (days)

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017
Year

Figurel3. Averagdength of time(days)spent in the Hudson Strait per year for all MV Arctic
winter transits from 20052017
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Number of Transits
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Year

Figureld. Total number of transits per year (with available logbook entries) by the MV Arctic
through the Hudson Strait between January and March from 200%7

For this study, a total of 6 transits (3 fast and 3 slow) were chosen-ftepth investigation. It

was decided to investigate both transits during which the MV Arctic ran into little delays due to
pressure ridges (fast transits) and transits where the Mtfic experienced significant delays
from besetting events as a result of pressure ridges (slow transits). This decision was made in
order to compare any relationship in the meteorological variables recorded during the fast
versus theslowtransits,in orderto better understandpossible influencing factors tfie slow

transits

Following the methods of Mussells et al. (2017), a slow transit was defined as being beset for
over 40% of its transit time, and a fast voyage as being bes@0fdror less of its transit time.
The fast and slow transits were then chosen based on the dates that had the most complete

meteorological data availabl@nce the data was investigated, it was observed that several of
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the transits had missing meteorologlaiata for several days, or in some cases, no data for
certain meteorological variables, or for all variables for the entire length of the transit.
Sufficient data was defined as not missing several days of data within the selected period of
time for any d the meteorological variables investigated. Transit selection was limited due to
the fact that meteorological data recorded on board the ship was unavaitahbtesufficientfor

the transits that occurred between 2009 and from 2012017.

The meteordogical variables investigated were determined by what was available from both
the landbased station in Salluit and the shipboard weather system. These variables included
temperature, wind speed, wind direction, dew point, and sea level pressure (statEssure

for land-based station)All available variables were investigated to allow for the observation of
any possible relationship©f the slow voyages that had sufficient meteorological data, the 3
voyages that were beset for tHengestamount of tine were chosen. Of the fast transits that

had sufficient meteorological data the 3 transits that occurred later in the year were chosen, to
the reduce the likelihood that light ice conditions at the beginning of the winter season were
the most significantgason for the minimal delays and besetments during the tram$ié 3

chosen fast transits occurred in 2010, 2012, and 2014. The 3 chosen slow transits occurred in

2010, 208, and 2014 (see section 3.3table6).
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3.2.2 Spatial focus

The spatial distribution dbesetting events of théV Arcticin the HS were investigated by
Mussels et al. (2017Yhey found significant clustering of besetting events occurred in the area
between Charles Island and Deception Bay. Based on the findivysssells et al. (2017), it

was determined that moreesearch should be focused around this area agas identified as a

hot spot for ship besetmentSigure 12).

To understand how representative this spatial focus was of the besetting events indkerch
transits (see sectin3.23.1, figure b), the besetment locations of the 6 chosen transits were
mapped using ArcGIS. The majority of besetments were concentrated in the western region of
the Strait, close to Deception Béyigure 5), aligning with lhe findings of Mussels et al. (2017).
An exploratory data analysis was also completed to determine the specifamdesfrom the

nearby landbasedweather station (in Salluit) that would be included in the studea

(discussed in section 3.2.3.Following this, it was determined that the Zone of Interest (ZOl)

would include the area 150km frorhé Salluit station ({§ure 15).

3.2.3 Phaseddpproach AalyzingTransits

Once the spatial and temporal focus of the study were defined, the anatysilved three
linked and largely iterative phases with different methodological approaches that link directly
to the study objectivegTable3). Details on the methodological amach taken in each phase

of the study are provided below.
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Table3. Summary of Phased Approach used to reach thesis objectives.

Objective 1 | A comparison of meteorological conditions recorded at the Salluit lar
based station and i@rded on board the MV Arctizas completed to
investigate how reliable land based data is for understanding the
meteorological conditions present along the shipping route near
Deception Bayobjective 1).

Objective 2 | An ice climatology for the HS waated in order to understand the se
ice patterns of the region and the influence that variable freapedates
could have on the ice conditions present at the time of the transits in
years of interesfobjective 2)

Objective 3 | An investigation ird the meteorological variables that could have had
an influence on the difficulty the MV Arctic had with pressure ridges
besetting events when transiting through ti#S (objective 3

3.2.3.10bjectivel: Comparingveather station data and ship basddta

Toinvestigate the meteorological conditions that existed prior to the ship becoming basdt

prior to the ship arriving in the ZQOheteorological data from a nearby weather station was

required. The weather station chosen for theetrological analysis was the closest larased
aGraAaz2ys t20FGSR AY {FtfdzAGX v/ OScHcMPpQppeéb T
Although the dataetavailable from the Salluit weather station is oftamssing datgdGenivar,

2012), it is considererhore representative than other remote stations as it is the closest

station to Deception Bay and is recorded in a similar coastal environment (Genivar, 2012). It is

also the weather station thahe ship Captains ude get their weather data when they arn

this region.

A meteorological time series for the 6 chosen tran@ee Section 3.3.1yas created to

investigate how well the land based meteorological data, collected at the Salluit station,
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represented the data recorded on the board th®/ Arctc when within the ZOI.

Meteorological data was acquired from the National Centres for Environment Information for
the MV Arcticship-baseddata (https://www.ncdc.noaa.gov/cdeveb/datatools/marine) and

from Environment Canada for the |laidsed weather stiton located in Salluit, QC
(http://climate.weather.gc.ca/historical_data/search_historic_data_e.html). The
meteorological variables available frafre Salluit weather station and the shifased data
included temperature, wind speed, wind direction, dewirgpand sea level pressure (station
pressure for Salluit weather statipiiTablest and5). Since the frequencyf oneteorological
records differedbetween theSalluit weather statiornd theship-based datathe frequency of
the weatherd G | G A 2 Y Qeie ubkB &2hBRandard. The time series included hourly data
from 8h00 to 17hOEST.

Table4. Exampleof available neteorological data from the weather station in Salluit, QC, for
January 1, 2010 (Environment Canada).

Date Time Temp | Dew Point | Rel Hum | Wind Directiorl Wind Spd | Stn Press

(YY/MM/DD) (0 Temp (C) | (%) omnQa RY(km/h) (kPa)
10/01/05 | 8:00 9.5 -10.3 94 36 2 100.08
10/01/05 | 9:00 9.4 -10.6 91 3 4 100.09
10/01/05 | 10:00 9 -10.1 92 3 17 100.12
10/01/05 | 11:00 9.8 -11 91 5 13 100.13
10/01/05 | 12:00 -10 -11.2 91 4 13 100.11
10/01/05 | 13:00 -10.4 -11.7 90 4 15 100.11
10/01/05 | 14:00 -10.9 -12.2 90 3 17 100.12
10/01/05 | 15:00 -11.4 -12.8 89 3 13 100.13
10/01/05 | 16:00 -11.9 -13.3 89 3 15 100.13
10/01/05 | 17:00 -11.9 -13.3 89 3 17 100.15

Tableb. Example of availablehgp-based meteorological data recorded onboard the MV Arctic,
QC, for January® 2010 (https://www.ncdc.noaa.gov).

Sea Level Pressul Temp Dew Point | Wind Wind Speed
Time of Observation | (mbar) (C Temp (C) | Direction (°) | (km/h)
201001-05T08:00:00 1023.7 0.5 0.7 80 46
2010-01-05T08:00:00 1023.7 -0.5 -0.7 80 46
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201001-05T09:00:00 1023.5 -0.5 -0.7 80 51
201001-05T09:00:00 1023.5 -0.5 -0.7 80 51
201001-05T10:00:00 1023.3 -0.9 -1.1 70 51
201001-05T10:00:00 1023.3 -0.9 -1.1 70 51
201001-05T11:00:00 1022.9 -0.9 -1.1 70 57
201001-05T11:00:00 1022.9 -0.9 -1.1 70 57
201001-05T12:00:00 1022.7 -1.7 -1.9 30 108
201001-05T12:00:00 1022.7 -1.7 -1.9 30 108

An exploratory data analysis was then completed to investigate the relationship between the
meteorological data from th&alluitweather stations and thehip-baseddataon the MV

Arctic | AAy 3 GKS aidl (A adA QRCore Beant, A6k theNFalluit we 6 OGS NE A
meteorological data was compared to tehip-based meteorological datar each of the

chosen variables. To first determine the distance from Salluit that the meteorological leariab
recorded at theSalluitweather stationare relatdle, ttmperature data from the weather

station and shigbased data records wemompared This was completed by investigating
correlations (Pearsorgalculatedn G KS & 0 | (i A a BfoOdladh traqst &t the dishicesd

of 50, 100, 150, 200km and over 20@krom Salluif50, 100, and 150km distances from Salluit
shown in figure B). Due to data gaps or quick transit over 50km distanttesfast transits

could not becompared at these intervals. The three slow transits were investigated. Finally,
200km fromSalluit was not included in the comparison as for each voyage the vessel travelled
between 150 and 200km either between 2 logbook records, or overnight, which is not included
in the analysis due to availability of data at the Sailkgatherstation. Thedata was reviewed

prior to the correlation to ensure all values were within an acceptable rangeno outliers

When comparing the three slow transits, temperature data within 150km was more highly

correlated than over 150kr(see section 3.3.1, tab®. This aligns witBeek {991), that states

meteorological variables can be assumed to not vary significantly within the range of 150km
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This study, howeer, also acknowledges that thgnot consideing abrupt changes in
landscape, and does not assessd@cean differences. Beek (1991) mentions that coastal

environments have the largest gradient for differences in meteorological variables.
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Figurel5. Map of study area, near Deception Bay, with buffers showing distance 50arid0,
150km from Salluit. Locations of recorded besetments during the 6 chosen transits are
displayed over the buffers.

For each transit, each type meteorological data from Salladther stationwas compared
against the same type ship-basedmeteorologicadata. This was done for each fast and slow
transit for all the records that were available from bdtie weather station and shipased

datawhile the ship was within 150km of Salluit, inclugliwhen the ship was in Deception Bay.
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These records were compared against one another through linear regression model3. The R
coefficient of determination andpalue were extracted from the regression models and
compared between meteorological variaBleThese models were used to provalguantitative
basis forhow well the data recorded at the Sallweatherstation represented theecorded

ship-baseddata.

3.2.3.20Dbjective2: Creating aesa ice climatology

To gain an understanding of how freeze up patterns and ice conditions presenthiStheing
the chosen years might have influenced the difficulty that the MV Arctic had during certain
transits, an ice climatology was created. Ice charts and ice datatire Canadian Ice Service
were downloaded and compared to understand the historical normal fregzdates and the

variability between the freezep patterns in the chosen years.

Historical normal sea ice freeze up
The Canadian Ice Service (CIS) maistaidigital archive for the Northern Canadian Waters

covering the time period of 1982010, the 3@year Ice Atlas (http://icewebl.cis.ec.gc.ca

/30Atlas). This atlas includes visual representations of statistical compilations of the regional ice
charts pullished by the CIS between 1981 and 2010 (Canadian Ice Service, 2011). Climatic sea
ice conditions are shown for the complete Northern Canadian Waters, and as well for various
regions, including the Hudson Bay region. The FrapzZBates chart of Norther@anadian

Waters and the Median Ice Concentration charts for the Hudson Bay region were used to

demonstrate the historical normal freeze up patterns of th&
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Using theCIS IceGraph todhttp://icewebl.cis.ec.gc.ca/lceGraph/ page2.xhtnbkal

accumulated ice concentration values were extracted for every week from the beginning of
November to the end of July for every winter between 2004/05 and 2017/18. These values
were graphed to create a time series demonstrating the variability iezigeup and break up
through out the year, between different yeamSollowing thisthe annual dates of freezep

(first date when more than 50% of the Strait was covered by ice) and breakup (first date when
less than 50% of the Strait was covered by veee determined for all the years that the log
books were available in the HS (26@®17). These definitions of break up and freeze up align
with the terminology used by the ClEhe freeze up and break up dates were shown by the

ALISOATAO 6SBelyera ydzYoSNI Ay 0

Variability in sea ice conditions ithe years of interest
The CIS has issued ice concentration and stage of development data fé&shrece 1971. The

Canadian Ice Service Digital Archive (CIg#y)//icewebl.cis.ec.gc.ca/Archive/) contaias
O2ftt SOGA2Y 2F GUKS /L{Qa RIAf& 2LISNIGA2YI §
charts that can be used to better understand the ice conditions that existed at different times
of the year, and in different years, for various regiacsoss the Canadian Arctic. For tH8

region, available information includes the weekly regional ice charts for the Hudson Bay region
(1971 to present). The ice charts are created by the CIS through the integration of information
from satellite images,ieborne and ship reports, results from operational models, as well as ice

forecaster knowledge (Tivy et al., 2011).
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To better understand the variability in freeze up patterns in the chosen yearsponcentration

(in tenths) during the first week of Dember for each of the years of interesiased on Ice

Charts from the Canadian Ice Seryis@as displayed for each of the years of interest. The ice
charts were loaded into ArcMap 10.6.1 and displayed on a basemap, focused in on the Hudson
Strait.Next, using data extracted from the CIS Ice Graph Tool, graphs of the freeze up sequence
of the chosen years were created with the total accumulated ice concentration values. The
percentage of the HS covered in ice, and percentage of the HS coveretyedirsce ¥30cm)

were graphed, again, to show the variability in freeze up patterns between the years of

interest.

Variability in sea ice conditions during the chosen transits

To compare the difference in ice conditions during the time of the chosersitsarihe

percentage of ice cover by stage of development was graphed for each of the chosen transits.
This data was extracted from the CIS Ice Graph, Bbholwing the estimated stage of

development of the ice, or estimated (not measured) general thickridss data was graphed

for the week closest to the chosen transiEollowing this, for a different visualization of the ice
present in the HS during the chosen transits, the weekly ice charts closest to the time of each of
the chosen transits was dispky for the fast and slow years. Using ArcMap 10i6€charts
detailing both the ice concentration and the stage of development of the ice was displayed for
all the chosen transits, with the ship tiafor each transit over laying the ice regimes. Thig sh
tracksare based on the locations reported in the log books, and a line was created from the
available coordinates in ArcMap 10.6.1. Given the fact that the logbook entries occur every 2

hours, the ship tracshown is a simplification of the actual reutaken.
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3.2.3.30Dbjective3: Investigating how meteorological variables influenced the

transits

Following the investigation of how well ti&alluit weather station dateepresented the

recorded shigbased datawhen it was within 150km of the Salluit station, the meteorological
variables wereompared between the different voyages. This step was done using the Salluit
weather stationdata from 1 week prior to the vessel being within 150km of Salluit, in additio
to when the vessel was within 150km of SallAs. mentioned, it is important to investigate the
meteorological conditions that occurred in tlageaprior to the ship passing through, as an
area with extensive ridging can still be difficult for a shipass through, and still cause
besetting eventsevenafter the pressure has dissipatdéor temperature, dew point, pressure
and wind speed, the averages and ranges of the data were calculated for each fast and slow
transit. The average and range for eaunbteorological variable for the three fast transits
together and the three slow transits together were calculated. For wind speed, main wind
speed direction and thpercentageof time that the majority wind direction was recorded was
calculated for eachfdhe transits.This was done to investigate if any similarities between the
slow transits or the fast transits existed, to provide insight into the variables which were the

most influential to the ice conditions thaiccurredduring each transit.
NCEP Daily Reanalysis

To better understand sea level pressure patterns that might have an influence on ridge

formation in theHS daily average (mean) NCEP NARR composites were produced from the
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NOAA OAR ESRL (Earth Systems Research Laboratory) PSD (Boulder, Colorado) website
(https:/lwww.esrl.noaa.gov/psd/cgbin/data/narr/plotday.pl/) (Kalnay et al., 1996Raily
reanalysicomposites (average) of the daily mearre extracted for mean sea level pressure
(SLP) for the chosen transits. These model outputs were reviewed for all chosen transits for 1
week priorto the ship entering the ZOI. This was completedliserve how the pressure
patternsdeveloped and dissipated, ard well, wherghe mainlow-pressure patterrwas
locatedaround the HS regiqrprior to the ship transiting througtihe ZOI For the slowransits,

the same observations were made for the days that the ship was within therE®Htaily mean
sea level pressures over the ZOI in each transit were shown graphically to compare the transits.
DailyNCEP NARR composites were also produced withweicidr reanalysis data showing the
mean dominant wind direction and speed for the week prior to ki Arcticentering the ZOI

for the chosen fast and slow transits.

3.3Resultsand Discussion

Study results are presented in three sectioBbjective 1presents a comparison of the
meteorological conditions recorded at the Salluit land based station and recorded on board the
MV Arctic, discussing if the land based data can be reliably used tostadé the

meteorological data in the marine area close to Deception Bhjective 2presents an ice
climatology of theHS focusing on the freeze up patterns in the area and investigating the ice
conditions in the chosen yeans greater detailObjective 3 presents an investigation into

which meteorological variables might have had the greatest influence on the creation of

pressure ridges in the ZOI for the chosen transits.
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3.3.1Comparing landbased and shipased meteorological variabl¢®bjectivel)

To first investigatehe distance from the Salluit ladgsed meteorological statiomp to which

the recorded data can be used to understand the marine conditions near Deception Bay, the air
temperature data from both the Salluit weather statiandrecorded shigbaseddatawas

compared This dataset was comparglased orrecords as the was alifferent distances from
Salluit. If botlthe weather statiordataand recorded shipased datavere highly similar within

a certain distance, this would increase the confidence in using the Salluit data to understand

the meteorological conditions in the marireea, within that distance.

Tabk 6 shows correlatior{pearson) adjusted Rsquared and p-values acquired when

comparing temperature values recorded from thB®/ Arcticandfrom the Salluit station The
values from both data sourcese least closely tated whendata from when the MV Arctic
transited across the entirelSwas included These findings shothat, over 150km from Salluit,
weather variables recorded #he Salluitstationare lesscorrelated to the weather recorded on
board the vesseln the three slow transits, there is no clear improvement of the correlation of
the data, between théand based data and the ship based datéen looking at the period

when the ship wasvithin 50km from Deception Bay to the period when thepsivaswithin

150km from Deception Bay olincrease the amount of data that could be used for the analysis,
the area within 150km was determined as the ZDle Pvaluesand correlation valueshow

that the comparisons between thand based and ship baséemperaturedataare significant
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with a moderate positive relationshiwithin 150km

Table6. Correlation of temperature values recorded at the Salluit station arsband the MV
Arctic in Deception Bay and to end of Strait, at different distances from Salluitefonosen

slow transits.

In Deception| In Deception In Deception Bay | In Deception Bay | In Deception Bay
Bay | Bay and within | and within 2100km| and within 150km| and until the end
50km of Salluit | of Salluit of Salluit of HS
2010 | Correlation 0.6295 0.6365 0.6343 0.6114 0.5891
Adjusted R 0.3871 0.3983 0.3959 0.3674 0.3408
squared
P-value 8.94E09 1.56E11 3.99E12 1.79E11 3.08E11
Number of 68 90 96 99 106
observations
2013 | Correlation 0.7503 0.8194 0.8406 0.8702 0.5795
AdjustedR 0.5539 0.6666 0.7024 0.754 0.3286
squared
P-value 3.54E10 <2.2el6 <2.2el6 <2.2el6 9.39E10
Number of 50 69 71 77 94
observations
2014 | Correlation 0.9724 0.6109 0.6026 0.5984 0.2852
** | Adjusted R 0.9426 0.367 0.3572 0.3522 0.0006081
squared
P-value 7.96E13 9.20E12 4.13E12 4.02E12 0.07473
Number of 20 102 109 111 141
observations

**only 2 days of data available when the vessel was in Deception Bay

Following the ZOI being further defined; additiomalestigation was completed on the other

available meteorological data. Looking at air temperature, dew point temperature, wind speed,

wind direction, and pressureata, table7 and8 show comparisons between the recordings

from the Salluit weatheistationand theship-based dataFrom these comparisas) it can be

observed that all wind speed correlations were less than GAdwing that windspeedfrom

the Salluit weathestationis not representative ofvind speed conditions that the ship was

experienciig when transitinghrough the marine areanto Deception BayThe other

meteorological variables have higheorrelations than wind speedh& shipbased &
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temperature, dew point temperatte and pressure values recordeglhen compared to

variables recatted at the Salluitveatherstation, show some positive correlations (TalFleB).

The correlation for air temperature and dew point temperature betweenshg-based and
weather station datas between 0.6 and 0.84ble 7, 8). Pressure data shows tlotosest

values between thahip-based and weather station dataithin 150km, withhigh correlation
values over 0.8 for all voyages examindd.examples, figure 16 and 4ffow a visual

comparison of the air temperature and pressure data recorded at thleiBaeather station

and recordednboard theship for the slow chosen transits in 2013 (air temperature) and 2014
(pressure). Looking at examples of the data graphed, it can be observed that although the
values are not the same from the two sources, tigeyerally follow the same pattern when

compared toone another within the defined spatial scope (Figuré,17).

This comparison has shown that data from Salluit weather station does not show the exact
same conditions that are experienced in the ZOd #rat, for the specific locality of this study
in relation to the Salluit weather station, land based data is not a replacement for data
recorded on board the shiph& comparisosbetween the meteorological valued air
temperature, dew point temperatw and pressure dichowever,showpositivemoderateto
strongstatistical significance when compared between what was recorded at the Salluit land
based station and what was recorded onboard the ship when it was wiglkm of the Salluit
station. For thecases investigated, this points to the fact thia¢ Salluitmeteorologicadata
(except for windcan be usedo understand thevariabilityof the meteorological contions in

the marine area near Deceptiora Further investigating the Salluit data, well exploreany
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relationships betweemeteorological conditionthat existed prior to the ship entering the ZOI

that may have influenced the difficulty of the transit

Table7. Correlation between meteorological variables recorded on board thAreli¢ and at
the Salluit weather station for the days the vessel was within 150km of Salluit, and in port in
Deception Bay, for the chosen years of fast transits through the Hudson Strait.

Year Meteorological variable | Correlation | Adjusted R P-value
squared
Air Temperature 0.794 0.623 1.641el1
(n=48)
Dew point Temperature | 0.774 0.589 1.15e09
2010 (n=43)
Wind Speed 0.440 0.178 0.000884
(n=54)
Pressure 0.962 0.924 <2.2el6
(n=54)
Air Temperature 0.798 0.629 2.384e12
(n=51)
Dew pointTemperature | 0.796 0.626 4.875e12
(n=50)
2012 Wind Speed 0.145 0.629 0.2918
(n=55)
Pressure 0.967 0.934 <2.2el6
(n=55)
Air Temperature 0.637 0.393 8.693e07
(n=49)
Dew point Temperature | 0.665 0.428 1.56e06
(n=42)
2014 Wind Speed 0.281 0.059 0.05031
(n=49)
Pressure 0.964 0.928 <2.2el6
(n=49)
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Table8. Correlation between meteorological variables recorded on board the MV Arctic and at
the Salluit weather station for the days the vessel was within 150km of Salluit, and in port in
Deception Bay, for the chosen years of slow transits through the Hudson Strait.

Year Meteorological variable | Correlation | Adjusted R P-value
squared
Air Temperature 0.611 0.3674 1.794el1
(n=99)
Dew point Temperature | 0.627 0.3872 1.018e11
(n=95)
2010 Wind Speed -0.030 -0.0094 0.771
(n=99)
Pressure 0.905 0.8172 <2.2el6
(n=99)
Air Temperature 0.870 0.754 <2.2el6
(n=77)
Dew point Temperature | 0.689 0.466 4.325e10
2013 (n=63)
Wind Speed 0.274 0.06247 0.01609
(n=77)
Pressure 0.985 0.9696 <2.2el6
(n=77)
Air Temperature 0.598 0.352 4.019e12
(n=111)
Dew point Temperature | 0.573 0.3204 8.137e09
2014 (n=68)
Wind Speed 0.230 0.04655 0.00474
(n=110)
Pressure 0.953 0.9073 <2.2el62
(n=110)
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Figurel6. Comparison of air temperature values recorded from the Salluit weather station, and
the shipbased data recorded on tidV Arctic(VCLM) within the ZOI in 2013.
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Figurel?7. Comparison of pressure recorded from the Salluit weather station, and thbased
data recorded on th&1V Arctic(VCLM) within the ZOl in 2014.
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3.3.2Sea ice climatology and variability in freagepatterns(Objective?)

Variability in sea ice contions inthe years of interest
Thee isvariability in the freeze up dates the Hudson Strafrom year to yeaftable 9, as well

as variability in the stage of developmees{imated generathickness) of the ice cover
throughout the winterseasonSea ice progression in a region is definethagime when sea
ice first coverst least 50% (freeze up) or less than 50% (breakAipine series plot of the ice
concentration in the Hudson Strait from the beginning of November to the end pfaukéach
winter between 2004/05 and 20178 can be seen in Figur8,with a dotted line at 50% ice
coverage showing freeze up in thentér and break up in the summer (break up is shown
simply to demonstrate the full variability in ice conditions yeaygar). Table9 showsthe

number of the week in the year th#lhe freeze up and break up occurred each winter season.

The earliest freeze up, in this time series, occurred during the winter of 2015/16, with 50% of
the HS being ice covered beten the 19 and 26 of Novembehd latest freeze upccurred

during the winter of 2010/11, with 50% of the HS only becoming ice covered between January 8
and 15. This freeze up was almost 2 months later that the early freepé2@15/16 (figure

18), and 4.5 weeks later than threeanfreeze up of this time series, week 50.6 (taBJeOther
winters with early freeze up include 2007/08, 2004/05, and 2013/14. Other years with late
freeze up include 2011/12, 2006/07, and 2005/@§yre 18, table9). The mean of this time

series is week 50.6, while the CIS historical mean (from-20&0) is 49.20n average, freeze

up in the Hudson Stralietween 2004 and 2017 occurr®d6 weeks later than the historical

mean.
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Table9. Freeze up and break up datesttoe Hudson Strait for 2002017. Freezep is defined
as when the Strait is first covered with at least 50% ice concentration; break up is defined as
when the Strait is first covered with less than 50% ice concentration (CIS, 2011).

Year Freezeup week  Breakup week
number number

20042005 49 25
20052006 51 22
20062007 52 26
20072008 49 26
20082009 50 28
20092010 50 24
201062011 55 24
20112012 52 25
20122013 50 26
20132014 49 27
20142015 50 27
20152016 48 26
20162017 50 26
Mean (20042017) 50.6 25.6
Climatological Mean (1981-2010) 49.2 26.9

Thevariability in ice concentration argtage of development (estimated general tbecknes$
between the years of interess important to investigate to better understand the ice
conditions encountered during the chosen transits. Priocamparingthe meteorological
conditions surrounding each transit, differersaa ice conditions between thgears of the
chosen transits wiee compared, starting with the pattern of sea ice freazein the months
prior to the transits. Figur&9 demonstrates the presence (% of concentration) of sea ice in the
HSduring the first week oDecember prior to the winter season of the years of iet (20D,
2012, 2013, 2014). Figu® shows the progressions of freeze up based on the weekly, CIS
reported, percent of ice concentration across the Hudson Strait from the first week of
November to the first week of March. Figuré @vers the same perd but shows the weekly,
CIS reported, percent of first year ice concentratigBdcm). The data displayed in Figures
20&21 stops after the first week of March as none of the chosen transits continue after this

date.
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Figurel9. Ice concentration (in tenths) during the first week of December for each of the

of interest based on Ice Charts from the Canadian Ice Service. Published dates of wee

Charts used: December 7, 2009; December 5, ZBddember 2, 2012; December 02, 2015
Between the 4 years of interest, freeze up occurred earliest in the winter of 2013/14, closely
followed by 2009/10. In the first week of December, the Hudson Strait was 60% ice covered in
2012, and 49.5% covered i0@ (figure20). These two winters also both had one fast and one
slow chosen transitt is important to note, that the fast transits in both these years occurred in
mid-January, and the slow transits for both years occurred infReadruary Although theyboth
had a similar emount of ice present in the Strait by the first week of December, the
development of ice cover between the winters of 2009/10 and 2013/14 followed a slightly

different pattern. Freeze up in the Strait normally starts from the westéta sf the Strait and

then extends eastward. The median ice concentration by the first week of December, based on
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the CIS 1982010 sea ice climatology, shows the western side of the strait fully ice covered,
with ice cover extending along the coast of dug Baygee section 1.3.3, figure.3The freeze

up in the winter of 2009/10 began from the western side of the Strait and extended to cover
the western and central part of the Strait with9%+/10 ice coverage, by the first week of
December. This is vegjose to the pattern of the historical median ice coverage, except for the
lack of ice cover along the coast of Ungava Bay, and slightly more ice coverage east of Big Island
(figure 19). The freeze up pattern in 2013/14, the other year of interest withehdiest freeze

up, wasalsosimilar to the historical normal freeze in the Strait. The slight difference in freeze
up pattern for this winter was the lighter ice concentration across the Strait by the first week of
December, mostly-B/10 ice coverage uh patches of open water near Big Island. The ice

cover did however extend slightly farther east in the Strait and from the coast of Ungava Bay
this year than lhe historical mediamand the winter of 2009/10 (figure9). By the first week of
December theravas 99+/10 ice coverage between Charles Island and Deception Bay in both
years.As the freeze up patterns in these two years were close to the historical normal pattern,
it is likely that factors other than the freeze up pattern played a more significaé@tn defining

the difficulty of the transit.

Duringthe other two years of interest 2010/11 and 2012/13, there was less sea ice coverage by
the first week of December thmethe historical median (figur&9). In the first week of

December, the Hudson @it was 31% ice covered in 2012, and only 10.5% covered in 2011
(figure20). In 2012 by the first week of December, most of the ice present was along the

southern shore of the Strait, along the Quebec / Nunavik coastline, including along the coast of

66



Ungawa Bay. At this time there was 9+/10 ice coverage between Charles Island and Deception
Bay (figure ®). In the first week of December of 2011, there was only some ice development
right along the coast of the Hudson Strait, and alongabest of Ungava Bagignificantly less

than the other years at this time (figur@)l The concentration of ice cover in the Strait in the
winter of 2011/12 did not catch up to that of the other years of interest until the beginning of
January, after which time there was alsalip in ice concentration during the middle of

January, from over 95% to 83%, until the following week (fi@®eThe later freeze up at the
beginning to the season in 2011/12 (figur@) tould have played a role in why the ship was

able to quickly pasthrough the ZOI when it arrived on January 31, 2012 (figdirar2

comparison to the difficulty the ship had passing through the ZOI on January 31, 2013 (figure

26).

Looking at thalevelopment of first year ice at the beginning of the windeason for the years

of interest, by the first week of January, it was only during the winter of 2011/12 that there was
less than 25% estimated first year ice cover. During the winter of 2011/12, the estimated first
year ice cover was only slightly over BYethe first week of January, and the estimated first

year ice cover continued to lag behind the other years of interest until the beginning of
February (figure 2). The winter of 2013/14, the estimated first year ice cover grew faster than
the other yeas of interest, and remained slightly higher than the other years until the end of
the investigated period, the beginning of March (figufg.2Zl'he estimated first year ice cover of
that year reached 80% during the last week of January staykedover 80%or the remainder

of the investigated period (figureld. During the winter of 2009/10, the estimated first year ice
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cover grew more steadily tmethe other years, reaching over 70% by the end of January (figure
21). During the winter of 2012/13, the estated first year ice cover grew in a more varied
manner, increasing from around 30% to around 75% between the second and third week of
January, then generally stabilizing before a drop to close to 60% during the first week of
February (figure 2). Similar 6 looking at the difference in ice concentration between the years
of interest, the only year that stands out as potentially having the development of first year ice
as an indicator as to why the ship was able to transit more quickly in the chosen tsathst

year 2011/12. This year stands out from the other years of interest as the development of first
year ice occurred much later thahe other chosen year§ his later date of reaching the same
level of ice thickness as the other yearsuld not givethe ice as much time to thickdsy the

time the ship was transiting through the Strait in the end of Januargomparison to the other
chosen yearsThisis likely acontributing factor as to why thisansit was less difficult than

others.

The growth ofirst year ice, reported in the weekly CIS Ice Charts, is noteworthy to look at
between the years of intest even tlough it is an estimate of the ice thickness rather than an
actual measurement. In addition to the amount of time that the ice cover has loeveloping,
such as a year with a late vs. early freeze up, there are other factors which can influence the
thickness of the ice thare difficult to capture in forecasts and models, such as wind dynamics.
Wind dynamics on a mobile ice cover, suchafié Hudson Strait, will cause the ice cover to
ridge and raft, changing the thickness of the ice actbssarea in anon-uniformedmanner.

The estimates of the stage of development published by the CIS in their ice shastsd for a
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better understandhg of conditions as the data is consistent and available at the same time
frequency for all the chosen transitice thicknessr this cased, estimated as stage of
developmenj is important to investigate, as thicker ice will be more difficult for thip $t
navigate through. As well, wind dynamics causing rafting and ridging of thicker ice will cause

thicker ridges, again being more difficult for the ship to transit through than thinner ice that is

7

rafted or ridged. Preliminary analysis done by Cas¢yet® 6 HnmMy 0 aAK28SR GKI

speed slowed down after ice thickness reached over 1m.
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Figure20. Total ice concentration (%) from the beginning of the winter season to the beginning

of March, when all chosemansits had finished. Dotted line showing 50% ice concentration, or
freeze up. (Source: CIS).
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Figure21. Total concentration (%) of first year i@@@cm thick, estimated) from the beginning
of the winter seasoto the beginnng of March, when all chosen transits had finished. Dotted
line showing 50% ice concentration, or freeze up. (Source: CIS).

Variability in sea ice conditions during the chosen transits
When each of the chosen transits occurred, the Hudson Strait wasdelbpvered (figure 22,

24), although there was still variability in the stage of development of the ice across the Strait.
Figure 21 shows a summarized visual representation of the percent of stage of development of
the icein the Hudson Strait during ¢hchosen transits. As mentioned, the stage of development
shows a general estimation of ice thickness but is not measured thickness. As these are the best
information on general thickness available, for all the yeas analyzed, they are discussed relating

to the thickness present, however, it should be noted that the values are all estimations.
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Since the freeze up patterns were fairly similar in 2010 and 2014, and both years had 1 fast and
1 slow chosen transit, it is interesting to investigate the diffe®in stage of development of

the sea ice between the fast and slow transit each year. In 2010 the fast transit occurred in the
middle of January. At this time there was slightly over 50% first year ice (FYI), slightly over 40%
young ice, andess than 5%ew ice (figure 21)The slow transit in 2010 had 78% FYI
concentration; over 25% more than the fast transit. FYI is thicker than young ice (>30cm vs. 10
30cm). This higher concentration of young ice in the HS during the fast transit in 2010 could
have payed a role in making it as easier and faster transit folMieArcticthrough the ZOl. In

2014, the fast transit also had a higher percentage of young ice (20%) than the slow transit that
year (10%), however the difference was not as noteworthy. As well, since the fast transit in
2014 had less than 1% concentration of yoiogg the concentration of FYI in the fast transit in
2014 was the same concentration as the slow transit in 2010 (78%)ndlitiatesthat there

are more factors involved in the difficult of a transit through the ZOI than simply sea ice

concentration andstage of development.

The other two years with chosen transits, 2012 and 2013, had only 1 chosen transit each year.
The interesting comparison between these two years is thatMiveArcticentered the ZOI the

same day in January both years, thé'3th2012, however, the vessel was in the ZOI for 6

hours, while in 2013, the vessel was in the ZOI for 135 hours. Looking closer at the stage of
development of the ice during the week of the transit through the ZOI in 2012 and 2013, 75% of
the total concentréion of ice in the HS was FYI, while only 66% of the total concentration of ice

in 2012 was FYI. The difference in ice concentration was made up by more young ice and new
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ice in 2012 than in 201@igure 2J. Although this may not be as noteworthy of aeliénce as
between the fast and slow transits of 2010, it is important to note that the thickness of the ice
in the HS is not described in greater detail, by this data, than simply being over 30cm. Given
than the freeze up date occurred 2 weeks earlie2@i3 than in 2012 (tabl®), it is likely that

the FYI was able to grow thicker by the end of January. Since these two transits occurred early
in the winter season, an extra 2 weeks of freeze up time could have made enough of a

difference resulting in a nre difficult transit in 2013 than in 2012.
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Figure22. Percentage of ice cover by stage of development for each of the chosen transits
(Source: CIS)

*interpolated data
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Looking more in depth at the ice conditions during tie®sen transits, figures 23 and 25 show

the ice regimes across the Hudson Strait, during the time when the ship was transiting the ZOl,
with each regime coloured based on the stage of development of the predominant ice type in
that regime. Focusing on th€Ol, all chosen transits had 9+/10 coverage during the time the
ship was passing through (figure 22, 24). Two of the fast chosen transits occurred at a time
when the predominant ice type, leading to the shear zone, was estimated to be lighter. The Ice
Chat published January 202012 showed a regime with a predominant amount of (estimated)
new ice (>10cm) extending from the northern Quebec/Nunavik shore between Charles Island
and Deception Bay. The week of January 20, 2014 showed a regime with a predominan
amount of (estimated) grey ice (4bcm) extending from the caanear Deception Bay (figure

24). These lighter ice conditions, likely cause by prevailing southerly winds, could have played a
role in the relative lack of difficulty the ship had transitithrough the area. The other chosen

fast transit, occurring in January of 2010, was reported as having a regime with a predominant
amount of (estimated) thin first year ice (3@ cm) between Charles Island and Deception Bay.
These ice charts do not prald any detail on the amount of ridging or deformation of the ice,

nor do they provide information on the direction of the drift of the ice. For 2010, therefore, it is
unclear, based on this information, how the general ice conditions influenced the ekdse
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Figure23. Ice concentration (in tenths) across the Hudson Strait during the chosen fast
transits, with the ship track overlaid. (Source, CIS).
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Figure23. Stage of sea icdevelopment (CIS estimation) across the Hudson Strait during

chosen fast transits, with the ship track overlaid. (Source, CIS).
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Figure25. Ice concentration (in tenths) across the HudStrait during the chosen slow

transits, with the ship track overlaid. (Source, CIS).
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Figure24. Stage of sea ice development (CIS estimation) across the Hudson Stigitluiri

chosen slow transits, with the ship track overlaid. (Source, CIS).
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During the chosen slow transitf@cusing on the ZOI, two of the three trips were reported as
havng a regime with predominantimedium first year ice (#220cm) (figure 24Based on

these observations, ththicker ice conditions coullikely have played role in the difficult of

these transits, in comparison to the three chosen fast transits. The slow transit in 2010, was
reported as having the thinnest ice conditions of the three chosen slow tranghsawi
predominanty thin first yearice (30-70) coveing the ZOI (figure 24). One interesting

comparison is between the chosen fast and slow transits of 2010. The predominant ice type in
the ZOI during both of these transits was thin first year ice?@@n) (figure 24, 2B This points

to the fact that thee must be other factors involved, aside from tbeckness thainfluenced

the difficulty of the transit. A possible factor that could have caused the February trip in 2010 to

be so much more difficult than the January transit is additional ice ridging.

adzaasStta SG Ffd 6nunmt0d F2dzyR KIFG 0S06SSYy wnn
through the Hudson Strait were beset for the greatest percentage of time in March (54%) while

in January they were beset for the smallest percentage of time (23%y).al$@ found a

significant correlation in the month of travel and the percentage of ttheeship wadeset. It is

important to note, howeverthat whenlooking at all the slow transits of tHdV Arctic from

20042017, fiveof the slow transits through thelS occurred in January (taldg Lighter ice

conditions, or less freeze up timeannot be the only factor in determining aftbult transit

through the HS. There are many factors that influence the deformation of ice, such as ridging

and rafting, and these factors are nd¢pictedin the CIS ice charts.
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Mussells et al. (2016) identified ridge counts in the ship track of theAkdtic through winter
monthsand found thatbetween 1998 and 2012, March was on average the month with the
highest ridge counts in the shipping corridor in the Strait, followed by February. This was not
always the case however, in some years, such as 2002008, the month with the highest
ridge count identified was January. As well, in some years February hacearimgle count

than March, and in some years, Janubtgirch had similar ridge counts, with none of the
months having a significant amountwdges identified compared to the next month. Mussells
et al. (2016) identified general similarities and correspondence between areas of high ridge
density in the HS and higher levels of besetment of the MV Arctic, they also identified variability
in percentages of besetments between transits that could not be described by ridge
concentration.To have a greater understanding of what causes one transit through BtS to

more difficult that anotherpther factorsmust also be considered.

3.3.3 Investigatinglifferences and similaritielsetween fast and slow transits
(Objective 3

To investigatehe relative role of different meteorological variables on historic besetments
during transits of the MV Arctic through th¢S further comparisons with the Saltu
meteorological data were completed. Although the Salluit weather station data differed from
the data recorded on board thelV Arcti¢ while the ship was in the ZOlI, the two were found to

havepositivemoderate statistical significance when compared, #meldata was found thave

similar variability The Salluit weather station data is the most related datailableto

77



investigatethe meteorologicatonditionsthat existedprior to the MV Arcticarriving in the ZOI.

For this analysis, data from the S#tllweather station starting one week prior to the ship

arriving in the ZOI, was considerexcapture the conditions that could have influenced ice
dynamics prior to the ship arriving in the ZOhe week prior to the ship arriving in the ZOI was
decidedto be the period of study, but it is uncertain if this is the proper time frame for analysis.
It is possible that weather events that occurred prior to 1 week before the ship entering the ZOI
had a greater influence on the conditions at that time, itlsgpossible that the 1 week period

is too long of a period to investigate. Especially in regards to temperatureféomgtrends

could have played a more significant role than in the week prior to the ship passing through the
ZOl. The goal of this worloWwever is to explore the possible influence of the meteorological

variables on a shorter timescale.

In table D it can be seen thate averages and the range of the investigated meteorological
variables for the chosen fast and slow transits are fairhjlar. From this comparison, there are
no single conditions that seem to stand out between the fast and slow transits to show a clear
example of why the slow transits proved much more difficult for the transiting ship. The
average air temperature duringpé fast transits was 1 degree colder and the average range
covered a span three degrees larger than the slow transits (tal)leThe dew point

temperature average during the fast transits was less that¢dree differemthan the average

in the slow trangs. The average range of the fast transits covered a span of almost 5 degrees
larger than the slow transits (tabled). It was expected that average dew point temperature

and air temperature have a similar difference in average value and range between the fast and
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slow transits as the two are linked. An increase in air temperature creates an increase in dew

point temperdure (Ukhurebor et al., 2017).

The pressure values between the fast and slow transits were the closest of the meteorological
values, as pressure values do not vary as significantly as the other variables. Average pressure
values were 0.4 higher in the sldransits than the fast transits, but this was not consistent
between the slow transits, it was more the result of one of the slow transit having a higher
average pressure before and during the transit. The range between the average pressure values

spannal 0.5 degrees more in the slow transits than the fast transits (ta@)e 1

As determined in the last section, the Salluit wind data is not accurately representative of the
wind conditions experienced in the marine area around Deception Bay, based on the
comparison to the wind data recorded on the ship while it was in the ZOI. Regardless, the
comparison between the slow and fast transits was still completed to see if there were any
similarities in the Salluit data that presented themselves between theahtsnsits. Following
this comparison, reanalysis datasused to further investigate the possible impact of wind on

the ice conditions experienced in the ZOl.

From the Salluit data, the average wind speed between the fast transits was within 1 dégree
the average wind speed in the slow transits. The average range of the wind speed between the
transits was also quite similar, covering only an additional 3.3 degree span in the fast transits

(table 10). The average wind direction prior to and during thensits was also compared.
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There were 2 chosen fast and 2 chosen slow transits that were dominated by southerly winds,
and one transit that was dominated by northerly winds. The peragetthat made uphe

majority wind direction for all the transits waamilar, between 24 and 29% (tabl)1lt was a
surprising findinghat southerly windsvere the dominant direction for 4 of the chosen transits
as these windsre more associated with reduced pressure in the ZOlI, as they would push the
ice away from theshore Northerly winds, pushing the ice into the shore close to Deception
Bay, would likely result in the creation of more pressure riggébough these were not show

as the dominant winds prior to the slow transits, from this ddtdas however beediscussed
that the dominant winds recorded at the Salluit weather station come from the southwest with
a frequency of 34% (Genivar, 2012). Although southwest winds have been found to also be
prominent in Deception Bay, northwest winds were also found tonoee prominent in

Deception Bay than in Salluit, likely due to the difference in orientation of the Bay (Genivar,
2012). Later in this section a more in depth investigation into the influence of wind is

completed using reanalysis data.

In summary, when @mparing the air temperature, dew point temperature, and pressure values
recorded 1 week prior to the vessels arriving in the ZOlI, outside of Deception Basttems

were found between the weather experienced during the slow transits or the fast teahsit

this exploratory analysjgor therestricted timeframe no relationships between the
meteorological data recorded at the Salluit station fewéek prior andwhile the ship is in the

ZOI havdeen found to have a significant influence on the creatd pressure ridgeferhaps

if more meteorological conditionsvere nvestigated, or if the longer time scale wassed,
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there would be correlations aomerelationships between transits found. Further
investigationswill need to be completed to gain a deeper understanding of the possible use of

Salluit data for understanding sea ice dynamics in the HS.

Tablel0. Comparing average and range for each meteorology variable recorded at the Salluit
weather station from dweek prior to, and when, vessel was traveling through the ZOI for the 3
fast and 3 slow chosen transits.

Transit |Year |Temperature |Dew Point Pressure Wind speed  |Wind direction
category Temperature
Average|Range|Average|Range/Average|Range Average|Range/Main %
direction|Majority

Fast 2010 ([-224 |16.4 |-25.6 |21.2 |98.2 41 (21.1 48.0 |S 26.7
2012 |-19.8 |17.1 |-21.7 |20.5 |98.3 25 147 33.0 |N 26.7
2014  |-22 19.8 |-25,5 |25.8 |97.4 1.9 (199 35.0 |S 27.7
Average-21.4 (17.8 |-24.3 (225 |98.0 28 |18.6 38.7

Slow 2010 (138 |75 |-165 |10.3 |994 20 |47 19.0 |N 28.9
2013 |-22.7 |15.0 |-25.3 |18.6 |97.4 3.2 |18.2 52.0 |S 24.0
2014 |-24.7 |194 |(-28.9 |23 98.3 3.2 ]29.9 55.0 |S 27.3
Average|-20.4 [(14.0 |-23.6 (17.3 |(98.4 3.3 |17.6 42.0

Atmospheric Circulation in thédudson Strait

The investigatedwind data from the Sallugtationdid not correlate with the wind data

recorded on the MV Arctic, nor did tiveind data recorded at the Salluit station show any
patterns between theslow transitsbased on the specific spatial and temporal focus of this
study. As a continued exploration, larger scale wind pattém® atmosphericpressure
systemswere investigatedGeostrophic winds have been shown to be important determinants
of ice drift on shartime scales (Kwok, Pang and Kacimi, 2017; Thorndike and Colony, 1982),
and a driving factor in the creation of pressured ice and ridges (Mussells et al;,Kili# et

al. 2013. Winds could have played an important role in the difficulty & Arcticexperienced
when transiting through the ZOI during the slow transiénds causing ice to push against the

shoreline in the ZQkould likelyresult in additional ice being forced into the ZOlI, and an
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increase in the ice pressure in the area, prior to $hg arriving. Winds causing ice to break
away from the shore in the Z@fould likelyresult in ice being forced out of the ZOI, and
reduced ice pressure in the area, prior to the ship arriving. In a short time frame, both these
situations could have dsdically changed the ice conditions that the MV Arctic would have

experienced transiting the ZOl.

In the northern hemisphere, a low pressure system will cause winds in a counter clockwise
direction around the center of thlow (Munk, 1947)Drinkwater (1986) discussed the impact of
atmospheric weather patterns on the wind directions in the HS (tabh)e Thedominant
atmospheric pattern of éow-pressure system over the Davis Strait caus@sh to north-
westerly winds to be promient in the HS (Drinkwater, 1986Anomalies in atmospheric
circulation have been noted to have an impactftmw of sea iceandits advanceand retreat
patterns in the HSAnN intense low system over the north Atlantic, specifically southwest
Greenland and the Davis Strait, has been found to bring northerly winds and an earlier ice
advance season. A low centered over seeditern Baffin Island has been associated with
westerly winds over the H3. lowpressure system centered over Foxe Basin or Northwest
Quebec has been associated with southerly winds over the HS, bringing earlier ice retreat dates
(Drinkwater 1986)An exampe of the impact of a lowpressure system on the wind direction
throughthe HS can be seen in figures 27 & BBthis example a low pressure system can be
seen centered over soutbastern Baffin Island, on January 27, 2019. As discussed by
Drinkwater (1986) a lowpressure system in this position is associated with westeirhyglsv

across the HS. In figure ,28e wind prognosis for the same day shows a forecast of 30 knot

82



westerly winds near Deception Bay in the ZOI afMdassdIs et al. (206) foundthat most
seasons with low ridge densities, between 1997 and 2012, had anomalous widerbaggure
anomalies oveHS. These anomalous high pressure systems over the HS could create winds

that would encourage the flow of ice through the HS (Musseti al., 2016).

Tablell. Summary of locations of low pressure systems and associated winds over the Hudson
Strait, as discussed by Drinkwater (1986).

Location where low pressure system is centerg Associated wind direction
over the HS

North Atlantic, pecifically southwest Greenland Northerly
and the Davis Strait

South-eastern Baffin Island Westerly

Foxe Basin or Northwest Quebec Southerly

Pressure at Mean Sea Level (Pa) Composite Mean

-
NOAA /ESRL Physical Sciences Division

2019/01/27

=== | | | 1 | | |
93000 99500 1Q00Q0 100500 101000 101500 102000 102500 103000

Figure25. Daily mean (average) sea level pressure (Pa) from NEER composites, for
January 27, 2019. (source: ESRL NOAA).
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Figure26. Marine wind prognosis for January 27, 2019. (Source: Meteorological Service of
Canada).

The first investigation of the influenad pressuresystemsn the H5 during the chsen transits
was completed by looking #te daily mean sea level pressure values over the ZOl, for the
week prior to the ship entering the ZOI, during the chosen fast andtstowsits (kgure 29. For
the chosen time period and for theseansits, there is no obvious pattern between the daily

mean pressure values and difficulty of transit. The slow chosen transit in 2010 had daily mean
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pressure values higher than all of the other chosen transits for the entire week prior to the ship
arriving in the ZOI. Anomalous high pressure over the HS, however, has been associated with
facilitating the flow of ice from the Strait (Mussells et al., 2016). Given this, we would expect
that high pressure leading up to the ship passing through the ZOI vatlaid for a less difficult
transit. However, since this was not the case, perhaps the flow of ice through the Strait caused
increased ice to be forced through the bottleneck between Charles Island and the Quebec
coast, increasing the amount of ice, and tlse pressure in the ZOI. Additionally, an increase in
ice flow could cause additional shearing of ice at the shearzone near Deception Bay. It is
possible as well that the strength of the wind was not significant to have a substantial impact

on the flow d ice in the time frame investigated.

Another noteworthy observation from the comparison between the daigan pressure values
(figure 29 is thatduringthe three fast chosetransitsall had relatively low mean sea level
pressure over the ZOlI, and loman two of the chosen slow transits, for the3alays prior to

the MV Arctic entering the ZOI. Lower sea level pressure could have been the result of a low
pressure system near the ZOI. A low pressure system centered overwestern Quebec or
Foxe Bain, near the ZOl, is associated with southerly winds (tabjeThis could have resulted

in ice moving away from the Quebec coast between Charles Island and Deception Bay, and
creating more space in the ice pack for the vessel to transit through. Wiskmbpat the ice
conditions for the chosen fast transits in 2012 and2@see section 3.3.2, figugdl), there is

an area of lighter ice along the Quebec coast either near Deception Bay (2014) or between

Charles Island and Deception Bay (2012). Thesetcmmglalign with the hypothesis of
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southerly winds occurring some days before the ship arrived in the ZOI. It is important to note,
however, that the chosen slow transit in 2013 also had similar low mean sea level pressure
values for the 2 days prior tdé vessel entering the ZOI, however, this did not ease the transit

of the vessel into Deception Bay, nor did it appear to push ice from the Quebec coast, based on
the ice chart published during the time the ship was in the ZOI (see secti@)fgjGre 26). In

this case, the location of the low pressure system, the strength of the system, or the timescale

investigated, could have played a role in its impact on the ice conditions in the area, at that

time.
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Figure27. Daily mearsea level pressures (Pa) for the week prior to the MV Arctic entering the
ZOI during the chosen transits. Fast transits displayed in red, slow transits displayed in blue.
Values from NARR NCEP reanalysis products.
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Drinkwater (1986) discussed the influme of the position of the low pressure systems over the
HS, rather than the actual values of mean sea level pressure across the Strait PJaflable

12 shows a breakdown dhe daily location of the low pressure systems centered around the
HS, and thessociated wind over the HS, for the wgmlor to the ship entering the Z@uring

the chosen transitd.ooking at the six chosen transits, it was most common for the low
pressure system to be centered over the Davis Strait, specifically often overwestérn
Greenland, and over the North Atlantic. This aligns with Drinkwater (1986) reporting the
dominant atmospheric pattern was for a low pressure system centered over the Davis Strait.
With a low pressure system over the Davis Strait, closer to SWhianek or over the North
Atlantic, northern winds are most common (tabl&)1Northern winds would cause
compression of ice into the ZOI, from the northgrortion of the HS, into the more southern

portion.

Looking at the patterns of the low pressure systems in the chosen transits, it is interesting to
see when more southerly winds could have been caused as a resallyef scaletmospheric
pressurepatterns For the fast transits in the chosen yeardppto the ship arriving in the ZOl,

a lowpressure system was the dominant presspedtern in the HS. In the three fast chosen
transits, there was a minimum of 2 days towards the end of the week, prior to the vessel
arriving in the ZOl, that showed thew pressure system was in a position that was associated
with southerly winds (table ). These 2+ days of southerly winds in the fast transits could have
resulted inreduce ice pressure in the ZOlI, pushing the ice up intdt8eather than into the

coag andthe Deception Bay InleDther factors such as wind speed, ice thickness, floe sizes,
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and ice concentration can all play a role in the impact that the winds could have on the ice
pack, however the three fast chosen transits having more consecutiye afaatmospheric

patterns associated with southerly winds is an interesting connectiooking at the ice charts
available for the dates near the fast chosen transits, in both 2012 and 2014, there are lighter ice
conditions close to the Quebec coast ImetZOl, as would be expected from consistent or strong
southerly winds (see section 3.3.2, figure Zr the fast chosen transiis this study looking

at atmospheric pressure patterns provides valuable insight into why these transits could have

been faster for theMV Arcticto transit through the ZOI thaduringthe other transits.

For the slowtransits in the chosen yearahen looking at the atmospheric pressure patterns in
the area surrounding the Hudsdtrait, two of the threeslow transits (20132014) had 1 day
where the position of the lowpressure system was associated with southerly winds. The rest of
the time, the main pattern oflow pressure was over Davis Strait, north Atlantic, or seuth
eastern Baffin Island for the week prior to the shipiving in the ZOI (table2). These patterns

are associated with bringing northerlyinds (or westerly for the case of SE Baffin Islavey

the HS whichwould likely cause sea ice to be compressed against the Quelaeastnear the
entrance to Deeption Bay, causingn increase in ice pressure in the artas likely thathaving
atmospheric pressure patterns associated with northerly winds for the entire week, or majority
of the week prior to the ship entering the ZOI had an influence on the difficulty that\ive
Arctichad transiting through the ZOThis points to the fact that, for the chosen slow transits in

this study, looking at atmospheric pressure patterns again providesbi@insight into why
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these transits could have been slower for &/ Arcticto transit through the ZOI thaduring

the other transits.

Table 12Description of mean sea level pressure (hPa) patterns for 1 week prior to the MV Arctic
entering the ZOl, foall fast and slow transits, based on NARR NCEP reanplygslucts (see
Appendix for daily pressure plots)

Trip | Dates Description of location of lowpressure system fdull week | Associated wind
prior to MV Arctic entering the ZOI pattern overthe HS
F1 01.09.201Q; Week begins with lowpressure over Davis Strait, and end| Day 15: Northerly
01.15.2010 with an additional lowpressure oveHudson Bay, then ove| Day 67: Southerly
Northern Quebec and the Hudson Strait
F2 01.25.201Z, Week begins with lowpressure system acro§avis Strait, | Day 13: Northerly
01.31.2012 then moves tdow overNorth western Quebedhen back | Day 46: Southerly
to over the Davis Strait Day 7: Northerly
F3 01.14.2014 Week begins withow-pressure system over northern Day 1: Southerly
01.20.2014 Quebec, moving to soutbastern Baffin Island and Davis | Day 23:Northwesterly
Strait, then as this low moves eastward, another low Day 47:Southerly
pressure system is developing of Foxe Basin. This devel
into an intense lowpressure system covering most et
area, but also with a system centered over Quebec.
S1 02.10.20106 Lowpressure system over Atlantic Canaated the North Day 17: Northerly
02.16.2010 Atlantic.
S2 01.25.2013; Week begins with a strong lepressure system over Davig Day 15: Northerly
01.31.2013 Strait, as this system moves eastward, a-fm@ssure Day 6: Southerly
systemmovesover northern Quebetowardssouth eastern| Day 7 Westerly
Baffin Islandhe end of the week
S3 02.11.2014; Week begins with a loygressure system over the north Day 12: Northerly
02.17.2014 Atlantic, then as this system moves east, second low Day 3: Southerly
pressure system develops over northern Quebec mid we Day 47: Northerly
before moving over to the Davis Strait and the North
Atlantic for the rest of the week.

Furtherinvestigating theslow transits, table 13 shows the matmospheric pressure patterns
and associated wind directiomsesent while thevlV Arcticwas in theZOl. When looking at the
pressure systems in the surrounding area during the slow transits through@halthough

there was variation between the locations of the low pressure systems between the 3 transits,
the main patterns were stihssaiated withpredominantlynortherly winds. These northerly

winds couldikely have influencd more ice flowing into the ZOlI, cestrictedthe flow of ice
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out of the ZOImaking the transit of théMV Arcticmore difficultas a result of the greater ice

pressure and resulting pressure ridgesthe region.

Fromthe similarities ilmtmospherigpressure patterns noted, for the ved prior to the chosen
transits, and for the time the ship spent transiting through the ZOI during the slow traihsits,
appears hat the larger scale atmospheric pressure pattenas an influence on the difficulty of
the transits Thesefindings point to an interesting possibility of atmospheric circulation having
animportant influence on the creationf pressure ridges in the Z®lowever, his same
investigation should be completed for a greater number of fast and slow transits to have a
better understanding the strength and influence of the patterns between the transits.

Tablel3. Pressure charts during time whire MV Arctids inthe ZOIlduringslow transits.

Trip | Dates Description of location of low pressure systemfigi | Associated wind
week priorto MV Arctic entering the ZOI pattern overthe
HS

S1 02.16.201C; Lowpressure in Atlantic Canadand over the North | Northerly
02.19.2010 Atlantic

S2 01.31.2013; Low pressure system moves from being centered oy North westerly, to
02.04.2013 south eastern Baffin Island to over the Davis Strait. | southerly on final
The final day in ZOlI there is a low pragssystem day

developing over Foxe Basin.

S3 02.17.2014 Low pressure over North Atlantic for entire time the | 17-21: Northerly
03.01.2014 MV Arctic is in the ZOI, however, in addition, there ij 22-25: Southerly
second low pressure system that démas over 26-01: Northerly
western Quebec and Foxe basin from the 22 to the

Followingthe investigation atmospherigressure patternsweekly reanalysis composite plots

from the NCEMNCAReanalysiglataset werecreated forwind direction and strengthfor the

week prior to theMV Arcticentering the ZOI fothe chosen transits (Figure 30,)3These plots

show the dominant mean wind patternkcally over Hudson Strait. Figure 30 shows that th

fast transits had dominant mean wind directions that would influence sea ice being pushed
away from the Quebec coast near Deception Bay. The week prior to the fast transit in 2010 had
a mean dominant soutlvesterly wind of 46m/s. The week prior to theakt transit in 2012 had

a mean dominant easterly wind of close to 5m/s. The week prior to the fast transit in 2014 had
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a mean dominant southerly wind of&n/s. Looking at the ice charts for the week of the ship
transiting the ZOI during the fast transithg ice charts show lighter ice mditions in

agreement with thepredominant wind diredbns in 2012 and 2014€ction 3.3.2Figure24).

The average wind speeds do not point to extreme events or stormy weather, the average wind
speeds prior to the chosamnansits fell between a rating of 3 and 4 on the Beaufort sdalen
though the wind peeds were generatlly calnthesewind patterns are more associated with
divergence, and pushing the ice away frore ttoastline. Thdominantconsistent wind
influencngicedivergence likely hadn impact on the relative ease of the fast transits in the

ZOl.

The slow transits, in comparison, had dominant mean wind directions that would have
influenced sea ice being pushed into the Quebec coast near Deception Bagy week prior to

the slow transit in 2010, there was a mean dominant northerly wind of around 6m/s. The week
prior to the slow transit in 2013 there was a mean dominant northerly wind of around 3m/s.
The week prior to the slow transit in 2014 there wamean dominant westerly wind of-2m/s.
These wind patterns are more consistent with convergence, and ice being pushed towards the
coastline. This was likely a cause of additional ice pressure, influencing slower transits through

the ZOl.
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Figure28. NCEP/NCAR reanalysis composite wind vectors (850mb) showing mean don
wind direction and speed in the Hudson Strait for the week prior to the MV Arctic enterp?2
the ZOI during the fast chosen transits.
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Figure29. NCEP/NCAR reanalysis composite wind vectors (850mb) showing mean dorr
wind direction and speed in the Hudson Strait for the week prior to the MV Arctic enterig3
the ZOI during the slow chosen transits.



