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Gilbert Bay isa marine proleclcd arca (MPA) on the southeastcm coast of

Labrador, Canada. The MPA wascrealcd to conserve a genelically disli nctivepopulation

animpactonthecoastalmarineenvironmeOlandlocalcomllluniticsinlhe fulure. This

lhesispresenlSresuhsfromahindcastandforccaslSstudyofphysicaloceanographic

and physical oceanographic characteristics of Gilbert Bay ovcrltle period 1949-2006. The

scasonalandinterannualvariabililyofthenearsurfaceallllospheric parameters are

described.Seawalertempcrature,salinityandsca.icethicknessinwinieraresilllulaled

with a physical ocean lllodel,theGeneral Ocean Tlirbulence Model (GOTM).Theresuhs

oflhchindcasl model Sllggcsi thai the atmospheric inlcnmnual variabilily oflhe Gilbcrt

Bayrcgion is linked 10 the North Atlantic Oscillation (NAO). A warminglrendobserved

in Ihcsuhpolar North Atlanlicwas influenccd by the localclimatcofcoastalLabrador

duringlhercccntdccadeofl995·2005

Thcsccondsectionofthisthesisprcseilisamodclforecastofthcimpactof

c1imatc change on Ihephysical condilionswilhin Gilbcrt Bay ovcr thc nexl century

ClimalescenariosfromlhelntergovcmmenlalPanclonClimalcChange (IPCC) Fourth

Assessmcnl and the US Climate Change Scicnce Program Projcct(USCCSP),

specifically Ihe Spccial Report on Emission Scenarios (SRES),were used.Almospheric

paramclcrsand relalcdchanges in seawalcrtcmperalure, salinity andsea-ice thickncssin



hindcaststudy results. Thc results suggest that the walcrcolumn duringfulurewintcrs

will bccome wanner in the second halfofthe 21 S1 cenlury. In the summer the atmosphere

This will have an impact on the vertical strnlification ofthewatercolumn. The surface

mixed layer is expected to become wanner, fresher and much shallowerthansecninthe

pasl.Thestrntificationbelowtheseasonalthennoclincwillwcakenandvenicalmixing

will intcnsify. A significant change in surface sea-ice covernge is alsosuggestcdbythe

forecasL Continuing reduction in sea-ice fonnation during the wi ntermonthsas

highlighled by the hindcast study is expected to afTect livingcondilionsoflhe

neighbouring coastal communities around Ihc bay, specifically by increasingthedanger

oftmvcllingacross the bay. A wanningGilben BayccosyslCl11l11aybcfavoumbleforcod

growth,bulreduccdsca.icefonnationduringthewintcrl11onthsincrcascs the danger of
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J Interannual variability of physical oceanographic characteristicsofCilbertBay,



4.4 Predicted changes in Iheocean variability forced with three IPCC



a mooring at Site 1 provided temperature and salinitydala forlhis modellingstudy IO

FigureJ.I.Monthly.averagedatmospherictemperatureaslakenfrom CEP fCARdata

for the Gilbert Bay region for 1949·2006 (top panel). Monthly·averagedrelativehumidity

panel). Monthly-averaged IOlal cloud coverage as taken from the NCEP CAR data for

the Gilbert Bay region for 1949·2006 {third panel). Monthly·averaged IOlal surface heat



Figure 3.2. NAOindex for 1949-2006 as obtaincd from lhc NCAR Climale and Global

Dynamics Climate Analysis Seclion (National Ccntcr for Atmospheric Research, 2009)

EachbarrepresentslheNAOindexforlhewinlcrmonlhs(Deccmber-March),whilethe

blacklinercprcsentslhelowpassfihered AOindexforlhcwintermonlhs(December-

March) (lOp panel). Mean atmospherictempcralurc for the winlermonths(December·

March)ofGilbenBayfromI9S0-2006asgeneraledfromNCEP CARReanalysisdala

Notelhediagonallinealongtheyea~I995-200Sindicatinganincreaseinalmospheric

tcmpcrature within the decade despite a mostly posilive AOindexfroml99S-200S

Figure3.3. Allnual sea-ice thickness (blue line) and ncar surface ocean temperarure(rcd

linc)simulaled by the GOTM compared to observed (at 4m deplh)occan temperature

(black line) from mooring station at Site I (Figure I) in Gilbcrt Bay for 2004·2007. There

are periods in fall 2004 and in summer200S where no observational temperaruredata

Figure3.4.Annualfomlationandmcltingofsea.iccinGilbertBayfor1949-2007as

modelled by thc GOTM using both NCEP/NCAR Rcanalysisdala and observational

1969,1993and200ShighlightlhedifTerenceinmaximumsea.iccthicknessbetwecn

wamlyearI969,coldyearl993andthemorereccnlyear200S...



FigureJ.S.VcrticaldifTusivityseasonalvariabilityforI968and 1969 (top panel); 1992

and 1993 (middle panel); 2004 and 2005 (bottom pancl). Thcse figures reprcsclltlhc

vertical mixing for Ihe years 1969 (a wann year), 1993 (a cold year) and 2005 (a cold

year at the end ofadccadal wanning period) as generalcd bythcGOTM usi ngbolh

CEP CAR Reanalysis data and observational ocean data from Wroblewski (2008)

Note the magnitude and duration of vertical mixing in 1993, which aregreaterandlonger

FigureJ.6. Seasonal variability of salinity (psu) for 1968 and 1969 (top panel); 1992 and

1993 (middle pancl); 2004 and 2005 (bonom panel). These figures rcprcscnlthesalinity

profilesforlheyearsI969(awannyear),1993(acoldyear)and2oo5(a cold ycaral the

cndofadccadal wanning pcriod) as gcncralcd by Ihe GOTM usingbothNCEPINCAR

Rcanalysisdala and observational occandala from Wroblewski (2008). NOlc thc duration

andslralificationforeachycar.1969and2005showalongcrhal0c1incduration Ihat is



Figure 3.7. Seasonal variability oftel1lperature (0C) for 1965and 1969 (top panel); 1992

and 1993 (l1liddle pancl); 2004 and 2005 (bonol1l panel). These figures representlhe

temperature profiles for the years 1969 (awann year), 1993 (a cold year)and2005(a

cold year at the end ofa decadal wanningperiod) as generated by Ihc GOTMusingboth

Figure3.S. Seasonal variability of salinity (psu) anomaly for 196Sand 1969 (top panel);

salinityanomalicsforthctimeperiodI949-2006,highlightingthcanomalicsfortheyears

1969 (awann year), 1993 (a cold year) and 2005 (a cold year at thcendofadecadal

wamling period) as generated by the GOTM using both NCEP/NCAR Reanalysisdata

shows a positive anomaly, indicating a saltier surface layerthan average. 1993 shows a

ncgativeanomaly, indicating a fresher surface layer than average.2005showsanegative

anomaly, indicating a colder surfacc laycrthan average. Also notc now the gradients are



Figure 3.9. Seasonal variability of temperature rC)anomaly forl968andl969(top

Figure 4.1. Global carbon dioxide (C02) emissiollS (GtC/yr) forthe IPCCand USCCSP



Model simulated data (dashed line) (top panel). The tcmpcrature correction applied to

thcdifTerenceinmonthly.averagedatmosphericremperature(NCEP CARReanalysis

datasetminusGFDLCM2GlobalCoupledClimatcModclsimulatedduta)forthcperiod

Figure4.J.Monthly-averagedrelativehumidityofthcGilbcI1Bayregion for 1949-2001

Thc figure indicates greatcrmonthlyaveraged relative humidity fortheCEPfNCAR

Reanalysis data (solid linc)thantheGFDLCM2 Global Coupled Modelsimulateddata

Figure 4,4. Monthly-avcragedtotal c1oudcovcrofthcGilbcrt Bayrcgionforl949-2001

The figure indicates greater mOllthly averaged total cloud cover fo rthcNCEPfNCAR

Reanalysisdata(solidline)thanthcGFDLCM2GlobaICouplcdCIilllatcModcl



figure 4,5. Mean almospheric temperalure for the period 2001-2101 during winter

months (December-March) of the Gilben Bay region for: SRESAIB(moderate increase

inGI-IG emissions) {lop panel); SRESA2 (highest increase inGI-IG emissions) (middle

panel);SRESBI(lowestincreaseinGI-IGemissions)(botlompancl).Thesimulated

atmospheric temperature for each SRESwaslaken fromiheGFDLCM2GlobalCoupled

Figure4,6.Monlhly-averagedatmospherictempcralureoftheGilbenBayregionfor

l-lindcasl(195S-2006)(toppanel);SRESAIB(moderaleincrcaseofGHGemissions)

(2050-2101) (second panel); SRES A2 (higheSl incrca5e in GllG emission5) (2050-2101)

(thirdpanel);SRESBI(lowestincreaseinGI-IGemissions)(2050-2101) (bonom panel)

The almospheric temperature used to calculate Ihcmonlhly-averagedannospheric

temperalureforthehindcastscenariowaslakcn from the NCEPfNCAR Reanalysisdata,

while thc monthly-averagcd atmospheric tCl11perature for each SRES was calculaled using



Figure 4.7. Monlhly-averagedrelativchumidityoftheGilbcrt Bayrcgionfor:f-1indcasl

(1955-2006) (lOp panel); SRES AlB (modernte increase in GHG cmissions)(2050-2101)

(second panel); SRES A2(highesl increase inGI-IG cmissions) (2050-2101) (third panel);

SRESBI(lowestincreaseinGf-IGemissions)(2050-2101)(bonompanel). The relative

humidityusedtocalculatethemonthly-avcragedrelativehumidityforlhehindcast

relative humidity for each SRES was calculated using simulated data taken from the

Figure 4.8. Monthly-averaged lotal cloud cover of the Gilbert Bayregionfor:l-lindcast

(1955-2006) (top panel); SRES AlB (modcratc incrcasc in GHGcmissions)(2050-2101)

(second panel); SRES A2 (highest increase in GI-IG emissions) (2050-2101)(thirdpancl);

SRESBI(lowcstincrcascinGf-IGemissions)(2050-2101)(bottompancl).Thctolal



sccnario(2001-2101)(middlepanel):Bl(lowestincreaseinGI-IGemissions) scenario

(2001-2101) (bonom panc1). The graphs represent the fonnation anddecreasc of landfast

iceforeachyearfrom2001-210lasgeneratedbytheGOTMusingsimulated

atlTIosphcricdala from theGFDLCM2 Global Coupled Climate Model andobselVational

iccthickncss for each year. The figure highlights thedifTcrcnce in maximumsca-ice



figure 4.10. Annual sea-ice thickness in Gilbert Bay for the hindcastscenario(l995-

2006) (top panel); AlB (moderale increase in GI-IG cl1lissions) scenario(2090-210l)

(second panel); A2 (highesl increase in G1·IG el1lissions)sccnario (2090-2101) (third

panel);Bl(loweslincreaseinGHGemissions)scenario(2090-2101)(boltompanel).The

graphs rcpresenl the fonnation and decrease of landfast ice over a decade as generated by

theGOTM.Thehindcastlandfasticeprofilewasgencraledusingthe CEP CAR

Reanalysis dala and observational ocean data from Wroblewski (2008), while the SRES

landfasliceprofilesweregeneratedusingsimulalcdatmosphericdala from the GfOL

CM2 Global Coupled Climate Model and observational ocean dala from Wroblewski

(2008). The peaks on lhegraph represent the maximum sea-icc thicknessforeachycar

The figure highlights IhedifTerence in maximum sea-icc thickness and duration of sea-icc



A2(highestincreaseinGI-IGcmissions)(2099-210I)(thirdpancl);SRESBI(lowest

saiinilyprofilesforlhehindcastandthcA2,AIBandBIscenariosasgeneralcdby Ihe

GOTM.Thchindcasltemperalureprofilcwasgeneraledusinglhe CEPINCAR

ReallalysisdalaandobservationaloceandatafromWroblcwski(2008),while Ihe SRES

tcmpcrature profiles were generaled using simulaled atmospheric dala from theGFDL

CM2 Global Couplcd Climate Model and observalional ocean dala from Wroblewski

(2008). ole Ihe difTcrenee in dural ion and deplh ofthc haloclinc for all Ihree climate

Figure 4.12. Seasonal variabilityoflempcrature(OC) for: Hindcast(2004-2006) (top

pancl);SRESAIB(moderateincreaseinGHGemissions)(2099-210I) (second panel);

SRES A2 (highcst incrcase in GHG cmissions) (2099-2101) (third pancl);SRESBI

(Iowcst increasc inGHG cmissions) (2099-2101) (botlom panel). Thcsefigurcsrcprcscnt

thctcmpcraturcprofilcsforthehindcastandtheA2,AIBandBlsccnariosasgenerated

by the GOTM. Thehindcasttemperalureprofilcwasgcncratcd usingtheNCEPINCAR

RcanalysisdataandobscrvationaloceandatafromWroblcwski(2008),whiletheSRES

tcmpcratureprofilcsweregcncratedusingsimulatcdatmosphcricdata from theGFDL

CM2 Global Coupled Climate Model andobservalional occandata frolll Wroblewski

(2008). otethe diffcrcncein duralionand dcpthof the shallower Ihcnnoclineforall



Figure4.13. Seasonal variability of salinity (psu) anomaly for: Hindcast(2004-2006)

(toppanel):SRESAIB(moderaleincreaseinGI-IGelllissions)(2099-2101) (second

panel); SRES A2 (highest increase inGHG emissions) (2099-2101) (lhi rd panel); SRES

BI(lowestincreaseinGHGelllissions)(2099-210l)(boltompanel).Thesefigures

reprcscntthe salinity anomalies for the hindcasl and the futurescenarios as generated by

the GOTM. The hindcast lemperature profile was genernled using the NCEP CAR

Reanalysis data, while the SRES tempcrature profiles were generated usingsimulaled

almosphericdala from IheGFDLCM2 Global Coupled Climate Model. Bothtelllpcrature

profiles were generated usingobservalional ocean data frolll \Vroblewski(2008).Note

how the surface layer of each oflhe c1imale scenarios for2100 shows a slrongnegalive

anomaly, indicating a fresher surface layer than average. Thcdeplh at which these

2005. The surface layer for 2005 is also saltier than the lhree secnarios



Figure 4.14. Seasonal variability oflemperalure C'C) anomaly for: Hindcasl(2004-2006)

(toppancl); SRES AlB (moderate increase in GI·IG emissions) (2099-210t) (second

pancl); SRES A2 (highest increase in GI-IG emissions) (2099-2101) (thirdpancl);SRES

BI(lowestincreaseinGI-IGemissions)(2099.2101)(bottompanel).These figures

represent the temperature anomalies forthehindcastandtheA2,A1Band B I scenarios

as generated by the GOTM. 1"hehindcast temperature profile was generated using the

CEPCARReanalysisdala,whilelheSREStemperatureprofilcsweregeneratedusing

lcmperatureprofiles were generalcd using obscrvational oceandala fromWroblewski

(2008). Note lhesurface layer of each of the c1imale scenarios for 2100showanegalive

anomaly, indicating a colder surface layer than average. Thcdepthalwhichthese

anomalies occur is shallower than the negative anomaly indicatcd bythehindcastfor

2005. The surface layer for 2005 is also deeper than thc lhreescenarios



Figure 4.15. Seasonal variability of heat diffusivity (m2/s) for: Hi ndcasl(2004-2006)(top

gencraled by the GOTM. The hindcasl heat diffusivity profile was generatedusingthe

Bothprofileswcregeneratcdusingbobservationaloc:candut'3fromWroblewski(2008)

Figure 5.1. NAO index for 2006-201 1. EachbarreprescntslheNAOindex for the winter

mOllths (December-March) of Gilbcrt Bay from 2006-201 I. Notcthe very wann winter



DFADepartmcnlofFishcriesandAquaculture.Govcmmentof L





Chaptcrt: Introduction

Climalology focuses on thedescriplion and the analysis oflhe c1imale,causcsfor

change in c1imatc variables and lhe consequences oflhesechanges (McGume&

of surface paramclcrs, like precipitation, temperaturc and wind,over a period of time. The

World MClcorological Organization (WMO) defines Ihislimc period as 3oyears (IPCC.

2007}.lnSludyingclimatology,bothclimalevariabilityandclimatcchange are of

imponancc.Climalcvariabiliryisassocialcdwilhvariationsinclimatic parameters fora

panicularregionfromthcmcanconditionsonallspalialandlcmporaI scales (IPCC,

2007).Sludyingdifferenlspatialscalcsallo\VsfordcICClionofdifferences in climatic

variablesbctweenvariousrcgions.Studyinglcmporalscalcsallowsforanalysisof

Climatcchangc,however, rcflecisprolongedchange (decadalor longer) in the

mean and variabilit'yofclimalic paramclcrs. BOlhclimatcvariabilityandclimalcchangc

maybcarcsultofnatumlprocesscswithinlhcclimatcsystcm,oraresuit of

Asprcviouslymcntionedclimatologydcalswithlong-tcnnchanges in particular

c1imale variables. Two major influences on coaslal regions are Ihecirculationofthe

ocean, and changes in solarmdialion (McGuffie & Henderson-Sellers. 2005). Srudying

Ihe c1imalc ofcoastal regions will enhance underslandingofcuITentclimaliccondilions



Thceoaslalrcgiol1ofpartieularinlcrcsthcrcisthatofthcsoutheastemcoaslof

coastofLabradorwinterlemperaturcstcndtorangcbclween-20to-IOC,whereaslhe

Icmpcraturcsdurillglhcdailyavcrage for the summer months range from8.5toI2.5°C

(Vasseur&Cano,2008).Precipitationinlhisccozoneisfoundlorange from 900 to 2000

mm annually (Vasscur& Cano, 2008: EnvironmcntCanada. 1993,2005a).Sca-iccalong

lhe Labrador Sea is said 10 exhibit significant annual variabilily, specifically during Ihe

soulhcastcmLabradorexpericncethefonnationandduralionofsca-ice,specifically

Climate variabililyovcrthcNorth Atlantic, and coastal areas Iikesoulheasl

Labrador, arc affccled by the LabradorCurrcnt and the North AllanlicOsciltation(NAO)

(Vasseur & Catto, 2008; Cattoet aI., 2003; Czaja and Frankignolll,2002)

Iceland low and lhe Azores high (Hlirrell Cl aI., 2003; Strailecl al .. 2003). TheNAO

index rcprcsentsthcdifTcrenccbctwccn the nonllalized pressurcanomalies for both Ihe

syslcms wherc thc Azores maximum is higher than nomlal and the Iec1andminimllmis



almosphereand ocean are linked 10 the NAO index. Theseanomalie5 arc found 10 be the

greatest during the boreal wintermonlhs, particularly March. foilowed by February and

January (Portis ct aI., 2001}. This has an impact on atmospheric variability, causing these

The changes in the AO during the winter season have bcen associatcd withthree

changes include wind speed and direction, heal and moislurctransports, and precipilation

(Drinkwateret al., 2003; Hurrell etal., 2003}. It is the combination of these almospheric

properties that lead to surface ocean forcing within the watcrcolumn that affect Ihe

A positive NAO indcx hasbccn linkcd to strongcr northerly winds over

along thc northwest AllanticOcean (Hurrell et aI., 2003). During a positive NAO index,

Ihcbolilldaryorsca-icccXlcndsfurthcrsouthinrhcLabradorSca(Deseret al., 2002;



(Drinkwatcret al..2(05).panicularlylhe interannual variability 0 fecologicaldescnptors

found in areas offreshwatcrand marine systems (Slraile & Slenseth.2(07).lnlheboreal

andATCtic regions, wintcrand early spring play an imponanl role inccologicaldynamics

(Slraile&Stenseth.2007;Campbelletal..2005;Stunnetal..2005).Thc AOhasthe

slrongestconnCClion with Ihe Nonhem Hemisphercclimalcduringthis time (Slraile &

reasonable prcdiclorofinterannual ecological variabilily(Stra ile& Slenseth. 2007)

than local mctcorological variables. The NAO indices average OUI thcmctcorological

condilionsovcrtcmporalandspaliallimescalcs(Straile&Slcnscth,2007;Halleuelal.,

2004)whilclakingintoaccountdiffcrcnlclimatcparamclcrslikc prccipitation, wind

speed anddircclion and temperature (Strailc & Slcllseth, 2007; Stenselh& Myslcrud,

There currently has bccn little rcsearch conducted pertaining to Ihe effect of the

NAOonfreshwalerorcstuarineecosystemsoflhesubpolarNonhAIlantic.ltistheorized

thalthcfindingsfortcrrcslrialfreshwalersystcmswillbediffcrcllithanthosefreshwatcr

cSluarinednvensystems. Somc of these processes include: Icmpcrature.salinityand



Forinstance,livingspccies, from lowertrophiclevels,suchasphytoplanktonand

zooplanklon,tohigherleve1soflife,suchasfish,arcthoughtlobeindirectlyaffectedby

theNAO.Phytoplanktonaremicroscopicplantslhatareamajorrcsource in lheprimary

produclion and photosynthetic activity in marine habitats (Drinkwatcrctal.,2(03).lthas

becnshownlhalphytoplanktonshowinterannualvariabililyasaresuIt of changes in

oceantempcrnlUreandwind(Drinkwatcrctal.,2003;Colcbrook,1982):charncteristics

c1imatologyoffreshwatcreslUarinesystemsitispossiblcloasscss how biolic life within

Localcd along the soulheastcoast of Labrador is thc region knownasGilbcrtBay

GilbcrtBayiscmbcddedalongthccoasllincandisafrcshwfltcrcstuarincrcgion.Thcbay

islocatcd in thc subarclic region ofcastcm Canada (Copeland CI al.,in press). The bay

has an arca ofapproximmcly 82 km2 wilha length of28 km and widlhoflto2.5km

(Copeland cl aI., in prcss). The watcrdeplh ofGilbcrt Bay is gcncrnlly shallower than 25

m,bUldcpthsreach60minlheoUlcrpartoflhebay(FishcricsandOccan,2007:



River and the Shinncys Rivcr(Figure 1.1) and occurs mostly during the spring thaw

(Monis& Green, 2002; Copclandcl aI., in press). Thc source of this freshwaterisfrom

Run and Ihe Winnard Tickle (Figure 1.1). Six sills separatc seven basinsalongthcmain

axis of the bay. These sills, which range in depth from4to6.5 m,prcventlhewatcrinthc

bay from flowingdircctlyimolhe Labrador Sea (Copeland ct al.. inprcss;Copelandet

al..2006).TheopeningofthebaytolheLabradorSeaisblockcdbyislandswithlhe

cxceptionofthreecntrances,alllcssthan350mwide(Copelandelal.,inpress;Copcland

stralification(GovernmcntofCanada,2005).Duringthewinlermaximumicclhicknessis

approximatelylm(Wroblewski,2008).Forlhercmaindcrofthisthesis,sca·icewiJl

Gilbcrt Bay isa Marine Protcctcd Area (MPA). The International Un ion for

inlcrt'idalorsllb·tidallcrrain,togctherwilhitsoverlyingwatcrandassociatcdnoraand

fallna, hislorical and cultural features, which has been rescrvcd by law or other effective

means to protect part, or all of the enclosed environment" (GovcmmcntofCanada,2005)

cndangcred, or threatcncd marine species and Iheirhabil3ts, uniquc marine habitats, and



marine areas of high biodiversily or biological produclivity(JamicsonandLcvings,

Gilbert Bay was firsldeclarcd an Area of InIerest (AOI) inOclobcr2000. TheGilbert

BaySlccringCommineecomposedofcommunitylcaders,reprcscntativcsoffishennen's

organizations, the Labrador Metis ation(LM ),DcpartmentofFisheriesandOceans

(OFO),DepartmemofFishcriesandAquaculturc(OFA).andMemoriaIUniversityof

Ncwfoundland(MUN)wasfomledin200ltodcvclopmcnlamanagcmcntpIan. In 2005,

MPAs, Gilbert Bay is not a harvest refugiumor 'no lake' rcscrve(Wroblcwski,etal.,

2007). The primary reason for Gilbert BaybccomingaMPA is loprolect aresidenl

population of At Ianlie cod, Gadllsmorlllla. Thcsccod aregcnclicallyd iSlinguishable

from bay cod along Ihc caslcm coaSI of ewfoundlandandoffshorecodoflhcGrand

Banks (Ruzzanlc,cl aI., 2000). Gilbert Bay cod have a reddish orgolden-brown colour, a

consequcnceofacarotcnoid-richdietofinvertcbratcs(Wroblewski,etal.,2007)

mClapopulation, which wcre declared elldangercd bythc Commiuecon lhc Status of

Endangered Wildlife in Canada (COSEWIC), but still not guarded by Canada's Specics at

Risk Acl (Wroblewski eta1.,2007). ConservationofGilbcrt Bay cod willhclpprotcctthe

gcncticdivcrsilyoflhenonhcm Allantic cod metapopulation (I-IuandWroblcwski,

BysludyingthepresentclimateofGilbertBayonccangainanunderslandingof

how climate change may impact Ihe cod population. Furthcnnorc, by studyinglhe



(GHG) emissions may increase over lime and how lheseemissions mayafTectlheclimate

Thepurposeoflhislhesisisloexplorethecffcctsofintcrannualclimate

variabilil)' on the coastal region of Gilbert Bay. Labrador. The approac h oflhestudy is

bascd 011 combining of existing observations (Wroblewski, 2008) and an ocean model to

assess lhepast and future variabilily in Gilbert Bay. Theobjeclh'esoflhesludyarc

(i) To simulate ocean conditions of Gilbert Bayoverthepasthalfcenluryandlo

(ii) To simulate the future features of the Gilbert Baypcrtainingtoexperimenlal

Two concepls are developed from condllcting this research. The fi rstconcept

involves exploring thctime scales and strenglh of variability inverticalstratificatiotls

within Gilbcrt Bay and how lhey have changed over the past and how theymaypossibly

change in the fulure. From these projcclcd changes in slratificationlhepossiblcefTecton

phytoplanklon blooms, and thus, thcoverall biological productivilywithin the bay can be



The second concept invoivesexamining the sea-icc thickness over time and how

it may change in future years. Using the North Atlantic Oscillation {NAO)asareference

reprcsentcdbythe AO index. This will allow one to see if the local climate and sea-ice

Chapler2 describes the data and methodology used to conduct the model

Gilben Bay,chaptcr4 discusses the model runs for the future projcctionsofGilbertBay



56'00' 55'45'
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Figure I. A map of Gilbert Bay, Labrador. The waters of Gilbert Bay connect with the

LabmdorSeathrough WinnardTickJeand Williams Harbour Run, and with Alexis Bay

through Main Tickle. Hydrographic stations 1-10 aJongthe main axis of Gilbert Bay and

a mooring at Site I provided temperature and salinity data for this modelling study.



Chapter 2: Data sources and modelling methodology

study are available. Environmenl Canada ofTers historical altnospheric data ror areas such

as Cartwright, Mary's Harbour, and Port I-lope Simpson: all locationsofre lativelyclose

proximity to the smdied region. Atmospheric data from thisrcsourccincludcssliCh

paramclcrsasatnlospherictcmperature,relalivehumidily,standard3lmosphericpressure

and wind direction and speed (Envirol1l11cnl Canada, 2010). The EnvironmcmCanada

datadonOlcxtcnd far enough inlothe past as is needed fOflhisstudy.Furthcnnore,

monlhly atlllosphcric data is available forccrtainycnrsonly. For this reason the

(NCEPINCAR)40-ycarReanalysisProjeCI(Kalnayclal.,1996)

The purpose oflhe Reanalysis Project was 10 produce a 40-yearglobJI record of

allllosphcric ficlds to aid inbolhweatherandshort-Icnnclimatercsearch (Kainayci aI.,

1996). Thcproject was iniriated in 1991 as an extcnsion to Ihc NalionalMeteorological



initialcd,thcrcanalysisprojecthasbeenexpandcdloprovideovcr 50 years of global

The rcanalysis sYSlem 10 proccss and organize lhcalmosphcricdala was crealed at

Cenlcr(CPC),lheCoupledModeIProjcct,andCenlraIOperalions.NCARcarried out

werc nol available through the Global TciecommunicalionsSyslem (GTS},suchas

atmosphericdalafromChina,TelcvisionlnfrarcdOperalionalVcrticaI Sounder (TOVS)

(GISST),c1oud-lrack winds and rawinsondc dala and sea icc dala (Kalnayctal.,I996)

Sources forlhcsedalasels nOI available by lhe GTS werclhe UniversityofMissouri,lhe

aliollaIOceanicAlmosphericAdministralion's(NOAA)/NalionaIEnvironmenlal

Laboralory(GFDL),UniledKingdomMeleorologicaIOffice(UKMO),lhcJapancse

MClcorological Agcncy (JMA) and the European Ccnlre for Medium·Range Weather

(cquivalenl toa horizontal resolulionofapproximalcly210km and28 vertical levels) and

snvedin theWMO'sBinaryUnivcrsalFonnatRcprescntation(BUFR)(Kalnayetal.,

used to process thedala initially preprocessed and comparcd the coIlectedallTIosphcric

data against c1imalologyslalistics to help deleCI and correcl anypotenlial errors in the

datascts prior to reanalysis. The preprocessor was also set to establish the surface



boundary cOllditiollS of data fields such as SST and sea-icc (Kalilayetal.,1996).Thisis

importanl as Ihe climate Oflhc Gilbcrt Bay is influenced by the Labrador Sea and sevcre

weather pauems which oftcn originate along thejcl strcamoverthe North American

continenland propagatctowards Ihe North Atlantic

This procedure provides an estimate of the impact of aimospheric processesover

Ihe land and sea on IheGilbert Bayclimale by usillg Ihe NCEPINCARdataset. In this

way one does not take inloaccount the impactoflhc local effects oftopographyand

surfacepropcrties(sea-ice,land,vegelalion,Clc.).TheCEP CAR ReanalysisProjcct

for the majority of global coordinatcs, has bcencarefullycxamincd andcoITectedof

cTTors.ForthisresearchprojcctsixhourreanalysisdalafromI949·2006inlerpolatedfor

Atmospheric data forlhc future projections wcrctaken from the NOAA'sGFDL

(Dclwonhctal.,2006;Geophysical Fluid Dynamics Labratory, 2005). The simlilatcd

dala for each fllturcprojectionwercgcncratcdthrollghthcGFDLC M2.0GlobalCouplcd

C1imatcModel(Dclwonhclal.,2006).ThecollplcdclilllaIClllodcliscomposedof

scparatcatmosphere,ocean,sea-icc,andlandcomponcnlmodcls,which intcmcl Ihrough

a flllx cOllplcrmodule (Delwonh cl aI., 2006). The horizontal rcsollltionoflheCM2.0

Global Coupled Climate Model (foralillosphcrcand land) is2° laliludeby 2.5° longirudc,

wilh Iheatmosphericponionoflhe model having 24 vertical levels(Delwonh et aI.,

2006).ThesillllllateddalageneratcdfromtheCM2.0GlobaICoupledC1imalcModel



(IPCC,2007; WMO/UNEP, 2000). These lhree scenarios were modelled for lhecentury

time span 2001-2101. Highfrcqucncyforcingsimulateddalawerecollectedforeachof

the SRES, with Iheexceplionofmonlhlyhumidilyandarcacloud frac lion simulaled dala

A research program was initiated by Mcmorial University of Newfoundlandinlhe

mid-1990s to study the physical oceanographic variabilityoflhc GilbenBayecosystem

(Wroblcwskictal.,2007).BeginninginI996scasonalhydrographicsurveysofGilbert

Baywercconduclcd(Wroblewski,2008).Tcmpcratureandsalinityprofilcswere

bay (Figurc 1.1) using a Seacat SBE19-03 CTD from Sca-Bird® ElcClronics Inc

TClllpcraturcandsalinitydataused forthissludywere from a hydrographicstation

locatedataccntralpoinlwilhinGilbcnBay (Slat ion 5 in FigurcI .I)which has awaler

columndepthof65m.DatafromI996forJulythandOclober4Ih,froml997forMarch

26lhandMay26lhandfrom2004forAugustl3lhwcreUlilizcdforthisstudy. No

hislorical oceanographic data other Ihan thai prcscnlcd in Wroblcwski(2008)are

prescntlyavailablcforGilbcnBay.nleoceanographicdataofWroblcwski(2008)are



tcmpcrallircand salinity inlhebouom laycrbclow20to25m, Additionally.slIrfacelayer

salinity for both lhe hindcasl and flltllreprojectionsofthclhreecl imalescenariosare

lemperaturelhatexisl for an inlet near the moulh of Gilbcrt Bay(Wroblewski.2008)

loggcrpositionedal4mdepihonamooringiocatcdiOOmoffacovebeachnear

processes in nalural walcrs, with the core of the model complltingsolutionsrorthcone·

IransportinthcGOTM,lemperaturcandsalinityinthesurface'llldbotlom laycrs are

constrained Ihrough rclaxation 10 observations. Salinity is dcterminedusingthcrollowing



rei axa! ion times for sal inity and temperature profi Ies (U ml~lUf et al.. 2007). The rei axat ion

time for salinity and temperature in thebonom layer was set to one month.Thesurface

waler nux is corrected through the observed snlinity with a rel:l:~alion lime of three

AthemlOdynamicthrcelayercdsea-icemodel(Semtner.1976)wascouplcd with

verticnl diffusion process that occurs wilhin Ihe ice. modificd by effcctsofintcmal

hcatingduc to penelrnling solar radiation and intcmal storage of hem in brine pockets

(Semtner.1976).Thesea-iccmodelisbasedontheprcmisethattheiceformedislandfasl

acculllulationofsnow fall. the lcmperatureoflhe accllmlilated snowisrcpresenledbythe

whcrcKs=7.4XI0-4~and(pC)s=O.165~.ltisimporta!Hlonolethatn0

change in vallics occur for when Ihcsnow melts as the mclting is aSSlllllCdtooccllrfora

short period of time and dllring Ihis limecondllclive nuxcs nrc considcred lobe minimal



To represent Ihe tempernturc of the icc the sea-icc Illodcl makes use of the

(PC)I*=~

whcrcKI=4.86xlO-4~and(pc)/=O.4S~torepresentconstantsassociatcd

with low lcmperature ice. The model is SCI so Ihat one grid point liesinthe snow (if

prcscnt)andtwoareevenlyplacedwithinlhcicc.Altholighthelhickness of icc will vary.

the algorithm is dcsigned to change the rcsolution accordingly witholltrestrictinglhetime

absorption of penetrating radiation and the increase of trapped brinevollime.Dllring

pcriodswherethereisllosnow.penClratingsolarradiationisSlorcdin a heat reservoir.

reprcscntingintcmalmeltingwithinlheice.Theradiationencrgycollected in the heat

freczingpoinLTheoverall reslilt is the solar energy radialing at the surface does not

during the fall (Semtner. 1976). Thus. the sea-icc modcl generated by Semtncr(1976) was

utilized forlhis sllldyas it should produce relarivclyaccuratc formationandmeltingof

The vertical mixing scheme used for this study. within the GOTM. isthek-t;:

turbulcncc model by Rodi (1987) (Umlaufet al..2007: Bllrchard& Baumert. 1995). This



lllodel usesaneqllalion for rale of dissipation toc!ose the system 0 fequationsabolltmean

andsalinity.TheGOTMisforcedbytheheat.momentumandfrcshwater fluxes betwecn

the atmosphere and ocean, and also by lhe incoming solar radiation (Umlallfetal.,2007)

The module makes use of the paramelerization for latent and sensible heat fluxes as

sllggested by Kondo (1975) (Umlaufet aI., 2007). The GOTM is restrained by observed

salinity and lemperature profiles discussed above from hydrographic station 5 (Figure



Chapter3: Interannual variability of physical oceanographic
characteristics of Gilbert Bay, Labrador

physical oceanographic variability ofGilbert Bay. Scclion3.1 prescntsa regional analysis

This pcriod represents the NCEPfNCAR reanalysis atmospheric data currcntlyavailable

Bay tcmpcratureand salinity and ice formalion. Scclion 3.4 summarize5 Ihc results of the

Figure3.lshowSlhescasonalvariabilityoffourattllosphericparamclcrsforthe

compulcdfor 1949-2006 reaches its minimum in Fcbruary(bclow-I I°C)and reaches its

maximum (above 10°C) in July. Thc tcmperalure is subzero from DccembeflO March
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figure3.I.Monthly-averagedatmospherictemperatureastakenfromNCEPINCAR

humidity as taken from NCEPINCARdata for the Gilbcrt Bay region for 1949-2006

(second panel). Monthly-averaged total c10ud coverage as taken from the NCEPINCAR

data for the Gilbert Bay region for 1949-2006 (third panel). Monthly-averagedtotal



This is the period when lhesurface is also ice-covered. which is discussedinmoredelail

winlermonths (DJF orJFM) is used due 10 lhc fact Ihat IhewinleraIthislalitudcand

Thc humidity and cloud cover in the Gilbcrt Bay region show similar vanability

High humidilyin Apnl is related 10 the characleristics of local weaIherand,more

spccifically, to the advcclion of humid and cold air from the ocean towardsthecoastal

The heat Oux is highcsi in May.whcn Ihe sea-ice mells and thc waters 0fthebay

lcmperalureishighestduringlhisperiodwhcnlhehealOuxisslrongcst. Thestrongesl

on almosphcriccirculation and air and watcrcharactcristics in thcGilbert Bay region

Figurc 3.2 shows Ihc wintcr (Deccmber to March) NAO index caiculatcdas Ihc

DynamicsCtimalc Analysis Scction (National Ccntcr for Atll10spheric Rescarch,2009)

TheNAO index was filtered by using a fourth order Buttcrword filter withaculoffof

lhrec years; represented by the black curve in Figure 3.2. The weatherinlheGilbertBay

region is colder and dricr during periods ofa high posilivc NAO, and wanner and wetter



whcnthcNAOindex is ncgalive(Hurrell & Ocser, 2010; Orinkwatcr ctal., 2005). The

NAOindexduringlhel950sandl960swasinancgativephase(Figure3.2).Thiswasa

wann period in the Gilben Bay region (Figure 3.2). In 1969 the mean tempcrntureforthe

wintcrmonths was above-3°C (Figure 3.2). This is the highcst valuefortheentircperiod

the highest positive index for the periodconsidcred in thisstudy(Figure 3.2). This was a

coldpcriod in the Gilben Bay region with the mean airtcmpcrnturcs forthewintcrscason

(Dccember·March) oflhese years fallingbelow-12°C in 1993 (Figure 3.2). The

months (Dccember·March) isr19SO-2006==-0.7669 for the period 1950·2006. Calculated

over two scparntc periods,thiscoefficicnt is rI9SO_11l81=-0.832 from 1950 to 1981 and has

During the decade from 1995 to 2005, lllcan airtcmpcmturc for the wintermonths

shows a wanninglrend which is not stronglycorrclatcd with IhcNAO (Figure 3.2). The

NAOduringI995-2005wasinaposilivephase,butlheaI1ll0sphcrewas not as cold as in

prcvioliswinlcrsofpositiveNAO indcx. From 1995 102005 Ihclllcan airtcmpcratllrcfor

thc winlerscason (Decembcr·March) in thc Gilbcrt Bay region inc rcased about 5°C

(Figurc 3.2). This wanning trend has been observed in theslIbpolarNonh Atlantic Ocean

Thcmodelsimliialionswereperfonnedovcrlhcpcriodoftimcfrom194910

2006. Focus was placed on the biological applicationsabollt Ihe Ihennohaline structure of

Ihewalcrcollll1lnduringanomalolislywann and cold years.Thc most rcccntmodel



The year 1969 was chosen as it was a particularlywaml yearduringapcriodof

negaliveAOindexthatoccurredfromI958.1971(Figure3.2).Thisycarwasalso

variability, having the highesl amounts of sea-ice in Gilbcrt BayfortheperiodI949-2005
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