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Abstract+
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"

The"atmospheric"drivers"of"winter"and"summer"surface"climate"in"western"Canada"

are"evaluated"using"a"synoptic"climatological"approach.""Winter"snow"accumulation"

provides" the" largest" contribution" to" annual" streamflow" of" the" northSflowing"

Mackenzie"and"eastSflowing"Saskatchewan"Rivers,"while"summer"water"availability"

is" primarily" a" product" of" basinSwide" precipitation" and" evapotranspiration." " A"

catalogue"of"dominant"synoptic"types"is"produced"for"winter"(NovSApr)"and"summer"

(MaySOct)"using"the"method"of"SelfSOrganizing"Maps.""Water"availability,"quantified"

through" highSresolution" gridded" temperature" and" precipitation" data," associated"

with" these" synoptic" types" is" then" determined." " The" frequency" of" dominant" types"

during"positive/negative" phases" of" the" Southern"Oscillation" Index," Pacific"Decadal"

Oscillation,"and"Arctic"Oscillation"reveal" the"atmospheric"processes" through"which"

these" teleconnections" influence" surface" climate." " Results" from" the"winter" analysis"

are"more"coherent"than"summer,"with"strong"relationships"found"between"synoptic"

types," teleconnections,"and"surface"climate." "Although"not"as"strong," links"between"

summer" synoptic" types" and"water" availability" also" exist." "Additionally," timeSseries"

analysis"of"synoptic" type" frequencies" indicates"a" trend"toward"circulation"patterns"

that"produce"warmer,"drier"winters"as"well"as"an"earlier"onset"and"extension"of"the"
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summer" season." " This" study" increases" our" understanding" of" the" atmospheric"

processes"controlling"the"distribution"of"water"resources"in"western"Canada.""

"""""""""""
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"

Chapter+1:+ Introduction+
+

1.1+Introduction+
"

The"spatial"and"temporal"distribution"of"water"resources"is"strongly"affected"

by"patterns"of"air"temperature"and"precipitation.""In"western"Canada,"the"Mackenzie"

and" Saskatchewan" Rivers" represent" key" sources" of" water," and" the" headwaters" of"

these"rivers"are"located"on"the"eastern"slopes"of"the"Rocky"Mountains.""Winter"snow"

accumulation" and" melt," particularly" in" alpine" headwaters," provides" the" largest"

contribution" to" annual" streamflow"of" these" rivers." "During" summer"months,"when"

air"temperatures"are"high,"water"availability"is"primarily"a"product"of"precipitation"

and"evapotranspiration."

There"have"been"a"number"of"documented"trends"in"climate"and"streamflow"

in"western"Canada,"including"seasonal"and"annual"increases"in"temperature"(Zhang"

et" al." 2000;" McBean" et" al." 2005;" Linton" et" al." 2014)" and" a" mixed" signal" of" both"

increases"and"decreases"in"seasonal"patterns"of"precipitation"(Zhang"et"al."2000;"Yip"

et"al."2012;"Linton"et"al."2014)"and"streamflow"(Whitfield"and"Cannon"2000;"Zhang"

et"al."2001;"Burn"and"Hag"Elnur"2002;"Burn"et"al."2004a;"Burn"et"al."2004b;"Rood"et"

al."2008;"Yip"et"al."2012;"Bawden"et"al."2014;"Ahmed"et"al."2013"unpublished+data).""

Evidence" indicates" climate" change" has," and" will" continue" to" accelerate" the"

hydrologic"cycle"(Huntingdon"2006;"Déry"et"al."2009).""These"changes"have"not"been"

spatially" or" temporally" uniform," and" minor" alterations" to" temperature" and"
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precipitation" can" result" in" substantial" cumulative" impacts" for" water" availability"

within"a"large"watershed"and"across"watershed"boundaries."

Surface"climate,"including"air"temperature"and"precipitation,"is"largely"driven"

by" synopticSscale" atmospheric" circulation" patterns." " The" strength" and" position" of"

midStropospheric" troughs" and" ridges" direct" the" movement" and" persistence" of" air"

masses." " As" air" temperature" dictates" the" amount" of"moisture" the" atmosphere" can"

hold,"midSlatitude"bodies"of"water,"particularly"the"Pacific"Ocean,"supply"the"greatest"

volume"of"moisture"influx"to"western"Canada.""Surface"climate"is"also"influenced"by"

largeSscale" teleconnections," including" El" NiñoSSouthern" Oscillation" and" the" Pacific"

Decadal" Oscillation." " Although" several" studies" have" examined" the" influence"

teleconnections" exert" on" surface" climate," no" previous" study" has" focused" on" the"

statistical"relationship"between"teleconnections"and"synopticSscale"circulation.""This"

research" forms"part" of" a" larger" project" addressing" trends" and" variability" in"water"

resource"availability"in"western"Canada"as"described"in"the"next"section."

"

1.2+The+CROCWR+Project+
"

The" Climatic" Redistribution" of" western" Canadian" Water" Resources"

(CROCWR)" project"was" designed" to" quantify" past" and" current" trends," and" predict"

future"changes"to"water"distribution"in"Canada"through"the"evaluation"of"a"suite"of"

hydroclimatic"variables"including"atmospheric"circulation"patterns,"air"temperature,"

precipitation,"and"streamflow"(Prowse"et"al."2013).""Although"hydroclimatic"changes"

have" been" documented" for" western" Canada," research" has" primarily" focused" on"
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either"small"regions"or"at"broad,"coarser"scales.""Given"the"heterogeneous"changes"to"

surface"climate"regimes"in"western"Canada,"it"is"necessary"to"evaluate"hydroclimatic"

trends" and" variability" within" subSbasins" of" large" watersheds" to" determine" ‘water"

rich’" and" ‘water" poor’" regions" as" well" as" changes" to" drainage" patterns" affecting"

freshwater"input"to"Hudson"Bay"and"the"Arctic"Ocean.""Water"resources"are"essential"

for" hydroelectricity" generation," agricultural" production," municipal" and" industrial"

use,"and"ecological"integrity." "Results"from"the"CROCWR"analysis"will"be"invaluable"

to"water"resource"managers"and"policy"makers,"as"well"as"an"integral"component"to"

evaluating"the"freshwater"budget"of"the"Arctic"Ocean.""""""

"

1.3++Goal+and+Objectives++
"

The"purpose"of"this"research"is"to"assess"the"characteristics"of"the"dominant"

midStropospheric" circulation" patterns" as" they" relate" to" the" spatial" and" temporal"

distribution" of" water" availability" in" western" Canada," and" determine" how" the"

identified" patterns" are" associated" with" largeSscale" teleconnections." " Of" particular"

interest" are" winter" snow" accumulation" and" subsequent" spring" freshet," the" major"

hydrologic" event" on" snowmeltSdriven" rivers," and" the" precipitationSevaporation"

regime" driving" summer" water" availability." " To" address" this" goal," the" following"

objectives"are"identified"for"both"winter"(NovSApr)"and"summer"(MaySOct)"seasons."

1. Classify" daily" 500" hPa" geopotential" heights" for" 1950S2011" into"

dominant"synoptic"types."
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2. Describe" characteristics" of" identified" synoptic" types," including"

frequency,"persistence,"and"trajectory."

3. Identify" significant" temporal" trends" in" seasonal" synoptic" type"

frequency."

4. Identify"spatial"air"temperature"and"precipitation"patterns"associated"

with"each"synoptic"type."

5. Using" identified" synoptic" types" and" associated" air" temperature" and"

precipitation" patterns," identify" variability" in" seasonal" synoptic" type"

frequency" associated"with" spatial" patterns" of" high" and" low" seasonal"

water"availability."

6. Evaluate"the"relationship"between"identified"synoptic"types"and"largeS

scale" teleconnections" that" have" been" shown" to" influence" the" surface"

climate" in" the"study"region," including"the"Southern"Oscillation"Index,"

Pacific"Decadal"Oscillation,"Pacific"North"American"pattern,"and"Arctic"

Oscillation."

+

1.4++Thesis+Format+
"

This" thesis" is" divided" into" five" chapters" including" the" introduction." " A"

literature"review,"presented"in"Chapter"2,"provides"detailed"background"information"

regarding"the"implications"of"water"resource"redistribution"in"western"Canada,"the"

application" of" air" temperature" and" precipitation" in" quantifying"water" availability,"

methods" of" synoptic" classification," largeSscale" teleconnections," and" recent" trends"
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and" variability" of" hydroclimatic" and" streamflow" variables." Chapters" 3" and" 4" are"

written" as" standSalone" journalSstyle" articles" focusing" on" winter" and" summer"

seasons,"respectively.""As"objectives"1S6"apply"to"both"winter"and"summer,"they"are"

addressed" in" each" of" Chapters" 3" and" 4." " The" thesis" concludes" with" Chapter" 5,"

including"recommendations"for"future"research.""Due"to"the"manuscript"style"format"

of"this"thesis,"some"components"of"the"literature"review"are"repeated"in"Chapters"3"

and"4."""

Chapters" 3" and" 4" have" been" submitted" concurrently" to" a" special" issue" of"

Hydrological" Processes." " Additionally," components" of" this" research" have" been"

presented" at" several" conferences" and" published" in" conference" proceedings." " A"

complete"listing"of"presentations"and"conference"proceedings"appears"below.""
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Chapter+2:+ Literature+Review+
"

The" Rocky" Mountains" provide" the" headwater" source" for" the" primary"

tributaries"to"the"Mackenzie"River,"Canada’s" largest" freshwater"contribution"to"the"

Arctic" Ocean," and" the" Saskatchewan" River," the" primary" water" resource" for" the"

agricultural" sector" of" the" Prairie" Provinces." " Evaluating" water" availability" within"

these" large" watersheds" and" assessing" whether" there" has" been" a" trend" toward"

climatic" redistribution" of" water" resources" across" watershed" boundaries" requires"

knowledge"of" the"processes"related"to"precipitation,"evapotranspiration,"and"snow"

accumulation"and"melt"that"are"strongly"influenced"by"atmospheric"conditions"at"the"

synoptic" scale." " This" chapter" provides" detailed" background" information" about" the"

Rocky"Mountain"tributaries"to"the"Mackenzie"River"S"the"Liard,"Peace,"and"Athabasca"

Rivers," and" tributaries" to" the" Saskatchewan" River" S" the" North" Saskatchewan" and"

South"Saskatchewan"Rivers." "The"hydroclimatic"complexities"of"water"resources" in"

the" study" region" are" reviewed," including" identifying" source" regions" for" moisture"

transport" into" and"across"watersheds," quantifying" seasonal"water" availability," and"

documenting" recent" climatic" and" streamflow" trends." "Additionally,"water" resource"

supply" and" demand" issues" are" addressed" to" provide" contextual" background"

information"and"highlight"the"importance"of"water"availability"studies"in"this"region."""

This" research" uses" a" synoptic" climatological" approach" to" evaluate"

atmosphereSsurface" climate" links" and" determine" the" influence" that" largeSscale"

teleconnections" have" on" dominant" atmospheric" circulation" patterns." " Traditional"

synoptic" typing" methods" are" reviewed" and" a" comprehensive" description" of" selfS
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organizing" maps," the" method" used" to" classify" synoptic" circulation" patterns," is"

provided." "Teleconnection"patterns"known" to" influence" surface" climate" in"western"

Canada" are" also" described," including" El" NinoSSouthern" Oscillation" (ENSO)," the"

Pacific"Decadal"Oscillation"(PDO),"the"Pacific"North"American"(PNA)"pattern,"and"the"

Arctic"Oscillation"(AO).""Finally,"synoptic"climatological"and"teleconnection"research"

conducted" in"western"Canada," corresponding" to" the" Saskatchewan" and"Mackenzie"

River" Basins" is" reviewed." " As" this" thesis" is" presented" in" manuscript" format," it" is"

necessary"to"repeat"some"components"of"this"literature"review"in"Chapters"3"and"4.""""""""

"

2.1+Study+Region++

2.1.1+Introduction+

The" northSflowing" Mackenzie" and" eastSflowing" Saskatchewan" Rivers" (Fig."

2.1)" are" two" large" watersheds" in" western" Canada" that" have" been" identified" as"

vulnerable"to"changes" in"water"resource"distribution"as"a"result"of"climate"change.""

The" snowmeltSdominated" alpine" tributaries" to" these" rivers" are" located" on" the"

eastern"slopes"of"the"Rocky"Mountains.""These"rivers"flow"from"alpine"headwaters"to"

the"Boreal"Plains"in"the"northern"portion"of"the"study"area,"and"Prairie"region"in"the"

south." " The" large"mountain" range" acts" as" a" physical" barrier" directing" airflow" and"

blocking"a"considerable"amount"of"atmospheric"moisture"transported"east"from"the"

Pacific" Ocean." " Consequently," the" watersheds" east" of" the" Rocky" Mountains" are"

located" in" a" rainshadow." " The" hydroclimatic" effects" of" dry" air" descending" these"

leeward"slopes"are"explained"in"detail"in"Section"2.2."""
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As" evident" by" the" hypsometric" profile" given" in" Fig." 2.2," the" proportion" of"

alpine"environment"characterizing"each"basin"is"greater"in"the"northern,"compared"

with" the" southern,"basins." "During"winter"months,"precipitation" is"higher"over" the"

alpine" region" than" the" Interior" Plains," and" this" winter" snowpack" accumulation"

provides"the" largest"contribution"to"annual" flow"of"these"rivers"(Martz"et"al."2007;"

Pentney" and" Orhn" 2008)." " Precipitation" is" generally" higher" during" summer" than"

winter;"however,"as"explained"in"Section"2.2,"evapotranspiration"plays"an"important"

role" in" summer"water" availability." " Additionally," this" availability" is" augmented" by"

controlled" release" of" stored" water" through" hydroelectricity" generation" facilities"

and/or" from"glacial"melt." "The"glacial"contribution"to"streamflow"is"highest"during"

midSsummer" (JulSSep)" and" varies" by" subSbasin" depending" on" percentage" of" basin"

area"that"is"glacierized"(Comeau"et"al."2009)."

"

2.1.2+Mackenzie+River+Basin+

The" largest" source" of" freshwater" to" the" Arctic" Ocean" is" river" discharge"

(Serreze" et" al." 2003;" Arnell" 2005)," and" the" Mackenzie" River" provides" the" largest"

influx" of" freshwater" to" the" Canadian" region" of" the" Arctic" basin." " The" freshwater"

budget" of" the" Arctic" Ocean" is" important" to" numerous" terrestrial" and" marine"

processes" including" feedbacks" to" the" global" climate" (Lewis" et" al." 2000)." " For"

example," freshwater" flux" to" the" Arctic" Ocean" leads" to" densitySbased" stratification"

and"circulation,"which"impacts"the"formation"of"sea"ice"(Lammers"et"al."2001;"Arnell"

2005)." "Volumetrically,"most"of" the" flow"of" the"Mackenzie"River"originates"outside"

the" Arctic," primarily" stemming" from" the" Liard," Peace," and" Athabasca" Rivers" (Fig."
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2.1)." " Therefore,"much" of" the" freshwater" flow" into" the"Arctic"Ocean" is" affected" by"

hydroclimatic" factors" south" of" the" Arctic." " Recently," evidence" has" supported" an"

intensification"of"the"hydrologic"cycle"(Huntington"2006;"Déry"et"al."2009)"and"one"

of" the" greatest" concerns" over" this" intensification" is" the" freshening" of" the" Arctic"

Ocean"(Morison"et"al."2012;"Arnell"2005)." "Of"particular" importance"have"been"the"

changes"to"streamflow"characteristics"including"earlier"spring"runoff"and"discharge"

volume"(Zhang"et"al."2001;"Burn"and"Hag"Elnur"2002;"Abdul"Aziz"and"Burn"2006).""

This" raises" concerns" over" changes" to" water" resource" distribution" in" these" midS

latitude"mountainous"headwaters.""""""""""""+

The"Liard"is"unregulated"and,"as"the"largest"tributary"to"the"Mackenzie"River,"

exerts" the" largest" influence" on" streamflow." " Snowfall" amounts" vary" considerably"

throughout" the"Liard"basin,"with"higher"snowfall"over" the"southwest"corner"of" the"

basin"due"to"the"influence"of"moist"air"masses"originating"over"the"Pacific"Ocean,"and"

the" remainder" of" the" basin" receiving" a" lower" snowfall" volume" (Woo" and" Thorne"

2006).""The"Liard"River"flows"north"from"the"Rocky"Mountain"headwaters"and"joins"

the"Mackenzie"River"mainstem"at"Fort"Simpson,"Northwest"Territories.""+

The" Peace" River" flows" across" northern" Alberta" and" drains" into" Lake"

Athabasca"at"the"PeaceSAthabasca"Delta,"a"sensitive"ecosystem"with"high"biological"

productivity." " A" portion" of" the" PeaceSAthabasca" Delta" is" located" in"Wood" Buffalo"

National" Park" and" is" also" listed" as" under" the" Ramsar" Convention" as" a"wetland" of"

international" importance" (Peters" et" al." 2006;" www.ramsar.org)." " The" Peace" River"

has" been" regulated" by" the"W.A.C." Bennett" dam" since" 1968,"which" has" resulted" in"

considerable" increases" in" winter" flow," decreases" in" peak" spring" flow," and" a"
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smoother"hydrograph"with"lower"annual"variability"(Peters"and"Prowse"2001).""This"

hydrograph"variability" is" an" essential" component"of" flood"hydrology" in" the"PeaceS

Athabasca"Delta"(Peters"et"al."2006).""The"effects"of"regulation"have"also"influenced"

aquatic"hydroecology"and"river"ice"processes"(Prowse"et"al."2002).""The"Slave"River"

connects"Lake"Athabasca" to"Great"Slave"Lake,"connecting" the"Peace"and"Athabasca"

Rivers"with"the"Mackenzie"River."

""The"Athabasca"River" is"characterized"by" low"winter" flow,"high"spring" flow"

during"freshet"and"sustained"flow"during"summer"months"due"to"glacier"melt"(Woo"

and"Thorne"2003).""Glacial"meltwater"contributes"to"streamflow"during"late"summer"

once"snowpack"has"completely"melted"(Marshall"et"al."2011).""The"Athabasca"River"

is" unregulated," and" serves" as" a" municipal" water" source" for" several" small"

communities" and" a" major" industrial" region" in" northeast" Alberta." " The" Athabasca"

River"streamflow"has"declined"by"30%"since"1970,"including"water"withdrawals"and"

natural"changes"(Schindler"and"Donahue"2006).""In"2010,"74.5%"of"total"Athabasca"

River"surface"water"allocations"were" licensed" for" the"oil"and"gas" industry"(Alberta"

Environment,"http://environment.alberta.ca/"01750.html)."

"

2.1.3+Saskatchewan+River+Basin+

The" Saskatchewan" River" Basin" (SRB;" Fig." 2.1)" is" primarily" located" in" a"

semiarid" prairie" ecozone," extending" from" Rocky" Mountain" headwaters" at" the"

continental" divide" to" Lake" Winnipeg" in" Manitoba." " The" Saskatchewan" River" is" a"

major" tributary" to" the" Nelson" River," which" drains" into" the" Hudson" Bay." " Winter"

snow"cover"across"the"prairies"is"generally"sparse"and"annual"evapotranspiration"is"
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greater"than"average"annual"precipitation"(Schindler"and"Donahue"2006).""Extended"

periods" of" drought" and" periods" of" extreme" precipitation" and/or" flooding" are"

frequently" occurring" components" of" prairie" hydroclimatology," contributing" to" the"

high" interannual" variability" of" water" resources" (Shabbar" et" al." 2011)." " Natural"

hydroclimatic" variability" is" one" of" the" greatest" risks" to" the" region" (Sauchyn" and"

Kulshreshtha" 2008)," as" there" are" economic" and" environmental" consequences"

associated"with" droughts" and" periods" of" abundant" rainfall." "Maintaining" adequate"

flow" is" challenging" for" water"managers" who"must" balance" the"water" needs" of" all"

users" within" the" basin," particularly" during" drought" conditions" and" resultant" low"

streamflow"(Schindler"and"Donahue"2006).""

The"SRB"faces"several"water"management"challenges"including"high"seasonal"

demand," regulation," and" numerous" waterSuse" licenses," particularly" in" Alberta.""

Water"withdrawals," landSuse"changes,"and"other"anthropogenic"modifications"have"

resulted"in"lower"than"natural"flows"on"the"rivers"of"the"southern"Prairie"Provinces"

(Schindler" and"Donahue"2006)." " Surface"water" in" the"SRB" is"heavily" allocated," the"

majority"of"which"is"licensed"to"the"agricultural"sector.""In"the"South"Saskatchewan"

River"Basin,"approximately"70%"of"surface"water" is"withdrawn,"86.5%"of"which" is"

for" agricultural" use" and" only" 8.7%" for" municipal" use," and" irrigationSbased" water"

withdrawals" are" projected" to" increase" (Martz" et" al." 2007)." " The" 1969" Master"

Agreement"of"Apportionment"between"Alberta"and"Saskatchewan"requires"Alberta"

to" pass" approximately" 50%" of" the" natural" flow" on" the" South" Saskatchewan" River"

into"Saskatchewan.""Water"demands"are"highest"during"summer"months"(MaySAug;"

Schindler" and"Donahue"2006)," and" the" agreedSupon"volume"may" exceed" available"
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resources"during"periods"of"drought"due" to"allocated"water"withdrawals" (Pentney"

and"Ohrn"2008).""""""

The"Saskatchewan"River"is"regulated"by"numerous"dams"and"reservoirs,"the"

largest"of"which"is"the"Gardiner"Dam"and"Coteau"Creek"hydroelectric"facility"south"of"

Saskatoon.""These"dams"are"used"for"flood"control,"agriculture,"and"hydroelectricity"

generation"(Pentney"and"Ohrn"2008).""Dams"have"been"shown"to"substantially"alter"

the"hydrologic"regime"of"a"river"including"timing"and"magnitude"of"high/low"flows"

(Peters"and"Prowse"2001;"Costigan"and"Daniels"2012)." "For"example,"naturally"low"

winter"flow"is"enhanced"by"the"release"of"water"from"reservoirs"to"meet"demand"for"

electricity," creating" hydrograph" peaks" during" winter" months" (Martz" et" al." 2007;"

Lajoie"et"al."2007)." "Byrne"et"al." (1999)"found"that"the"spring"hydrograph"on"some"

dam" regulated" rivers" frequently" corresponds" to" magnitude" of" snowpack" as"

reservoirs" are"managed" to" retain"water" during" times" of" low" snowpack" or" release"

stored" water" to" increase" capacity" during" times" of" high" snowpack." " Unlike" other"

water"uses," the"generation"of"hydroelectric"power" is"nonSconsumptive"as"water" is"

returned" to" the" river" system," but" it" does" require" the" availability" of" water"

corresponding" to" peak" electricity" demand." " Therefore," dams" and" reservoirs" are"

essential"to"maintaining"water"availability"(Barnett"et"al."2005)"and"may"be"used"as"

a" tool" for" water" managers," retaining" a" portion" of" the" spring" freshet" for" summer"

water" use," or" attenuating" flood" events"within" the" basin" (Smith" and" PérezSArlucea"

2008)."""""""
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2.2+Water+Resources+in+Western+Canada+

2.2.1+Quantifying+Water+Availability+

As"described"above,"the"water"resources"of"the"Mackenzie"and"Saskatchewan"

Rivers"are"essential" for"municipal," industrial,"and"agricultural"use,"hydroelectricity"

generation," and" ecosystem" integrity." " Therefore," understanding" and" forecasting"

water" availability" is" fundamental" for" the" management" of" resources" and" flood"

mitigation." "Additionally,"spatial"and/or"temporal"changes"to"water"availability"are"

an" indicator" of" climate" change" (Stewart" et" al." 2004)." " Variations" in" annual" and"

seasonal"streamflow"are"largely"a"function"of"climatic"variables,"mainly"precipitation"

and"air" temperature,"which"are" strongly" influenced"by" synopticSscale" atmospheric"

circulation"patterns."""

Although"there"are"several"procedures"that"can"be" incorporated"to"quantify"

water" availability" at" various" spatial" and" temporal" scales," the" most" conventional"

method" over" large" regions" and" longer" time" scales" is" a" waterSbalance" approach,"

which"quantifies"measured"variables"of"inputs"from"precipitation"and"groundwater"

and" outputs" to" streamflow," evapotranspiration," and" groundwater" recharge"

(Thornthwaite"and"Mather"1955).""The"basic"waterSbalance"equation"for"streamflow"

is" P–E=R," where" P" is" precipitation," E" is" evapotranspiration," and" R" is" runoff.""

Evapotranspiration" is" largely" a" function"of" air" temperature," and"dominates"during"

summer" when" temperatures" are" high." " During" winter," air" temperature" primarily"

affects" the" length"of" the"snow"accumulation"season"through"the"onset"of" freeze"up"

and"snowmelt.""
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Precipitation" and" air" temperature" are" measured" continuously," alongside"

several" other" variables" at" a" climate" station," offering" point" source" meteorological"

data.""These"climate"stations"are"often"located"in"populous"areas"or"valleys"that"may"

not" adequately" capture" the" air" temperature" and" precipitation" regimes" in"

surrounding"areas"or"at"higher"elevations.""Additionally,"climate"stations"in"southern"

Canada" are" numerous" and" have" long" data" records," often" as" far" back" as" 1911," but"

stations"in"northern"Canada"are"sparse"and"records"are"shorter,"often"no"more"than"

60" years." " The" accuracy" of" measured" variables" is" affected" by" changes" to"

meteorological" instrumentation," the" quantification" of" trace" precipitation"

measurements,"and"evaporation"effects"(Mekis"and"Hogg"1999).""In"addition,"climate"

station"records"often"contain"missing"values."

Representing" the" spatial" distribution" of" climate" variables" is" best" achieved"

through"the"use"of"gridded"data"sets,"developed"through"the"interpolation"of"climate"

station" data." " There" have" been" a" number" of" gridded" air" temperature" and"

precipitation"datasets"developed"for"western"Canada." "Each"is"different" in"terms"of"

their"spatial"scales,"gridding"procedures,"and"input"climate"stations.""The"majority"of"

these" datasets" were" produced" at" monthly" time" steps" and" have" been" used," for"

example," to" evaluate" the" relationship" between" teleconnections" and" temperature"

(Shabbar" and" Khandekar" 1996," Bonsal" et" al." 2001)," assess" temporal" trends" in"

precipitation" and" temperature" (Zhang" et" al." 2000;" Woodbury" et" al." 2009)," and"

compare"observed" and" simulated"Global"Climate"Model" (GCM;"Bonsal" and"Prowse"

2006)." "More" recently," daily" gridded" temperature" and" precipitation" datasets" have"

been" created" for" Canada," in" 10Skm" resolution" (1950S2010)," using" the" ANUSPLIN"
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method" of" thinSplate" splines" (Hutchinson" 2004;" McKenney" et" al." 2011)." " The"

ANUSPLIN"interpolation"method"takes"into"account"elevation"in"addition"to"latitude"

and"longitude.""Climate"stations"omitted"from"the"gridding"procedure"were"used"to"

evaluate" the" quality" of" this" dataset," and" it" was" concluded" that" it" is" reliable" and"

robust"(Hutchinson"et"al."2009)."

"""

2.2.2+Seasonal+Water+Availability+++++

Seasonal" water" availability" is" the" product" of" the" cumulative" effects" of" air"

temperature"and"precipitation"over" several"months." "A"number"of"drought" indices"

that" are" based" solely" on" temperature" and" precipitation" have" been" developed" to"

quantify"shortS"and"longSterm"water"availability.""These"include"the"Palmer"Drought"

Severity" Index" (PDSI;" Palmer" 1965)," the" Standardized" Precipitation" Index" (SPI;"

McKee" et" al." 1993)," and" the" Standardized" Precipitation" Evapotranspiration" Index"

(SPEI;" VicenteSSerrano" et" al." 2010a)." " Although" these" indices" have" been" primarily"

applied" to" drought" research," they" have" also" been" used" to" evaluate" periods" of"

prolonged"excessive"moisture"(e.g."Shabbar"et"al."2011).""The"PDSI"accounts"for"soil"

moisture" conditions" through" precipitation" and" temperature" measurements;"

however,"the"PDSI"operates"on"a"fixed"time"scale"and"was"calibrated"for"a"region"in"

the" midSwestern" United" States" (McKee" et" al." 1993)." " The" SPI" is" based" on"

precipitation" alone" and" does" not" reflect" the" affect" high" air" temperatures" have" on"

drought" conditions" (VicenteSSerrano" et" al." 2010a;" Bonsal" et" al." 2012)." " The" SPEI"

utilizes" a" waterSbalance" equation" proposed" by" Thornthwaite" and" Mather" (1955),"

incorporating"potential"evapotranspiration"as"well"as"precipitation"into"the"equation"
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(VicenteSSerrano"et"al."2010a).""Since"the"index"is"standardized,"it"can"be"applied"to"

any" region" of" interest." " Comparisons" between" these" indices" consistently" conclude"

the"SPEI"is"superior"in"reflecting"water"availability,"particularly"at"intermediate"time"

periods"(VicenteSSerrano"et"al."2010b;"McEvoy"et"al."2012)."

The"magnitude"of"winter"snowpack"is"the"product"of"snow"accumulation,"and"

is" an" integral" component" of" annual" streamflow." " The" seasonal" shift" from" liquid" to"

solid"precipitation,"and"the"release"of"water" from"frozen"storage" is"dictated"by"the"

evolution" of" air" temperature" above/below" the" freezing" point." " The" cold" season" is"

subject" to" a" number" of" processes" that" can" reduce" the" snowpack," including"

sublimation"(MacDonald"et"al."2010)"and"Chinook"winds"(Goulding"1978).""Chinook"

winds"are"dry,"adiabatically"warmed"air"descending"the"leeward"slopes"of"the"Rocky"

Mountains,"and"are"more"frequent"in"southern"Alberta"compared"with"the"northern"

end"of"the"Rocky"Mountains"(Longley"1967)."""

Summer" water" availability" is" highly" variable," and" periods" of" drought" are"

common," particularly" in" the" Prairie" Provinces" (Bonsal" et" al." 2012)." " Droughts" are"

devastating"and"expensive"natural"disasters"that"have"widespread"agricultural"and"

environmental" implications" (Wheaton" et" al." 2008;" Stewart" et" al." 2011)," and" can"

affect" hydroelectricity" generation" (Roberts" et" al." 2006)." " Periods" of" highSintensity"

precipitation"and/or"extended"wet"conditions"can"also"have"negative"consequences"

and" pose" water" management" challenges." " During" summer," water" availability" is"

largely"influenced"by"evapotranspiration"as"well"as"precipitation.""Consequently,"it"is"

essential"to"evaluate"seasonal"moisture"conditions"using"an"index"that"reflects"both"

of"these"variables.""
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2.2.3+Hydroclimatic+Trends+and+Implications+

Winter" snowpack" is" the" dominant" hydroclimatic" feature" controlling" water"

availability"on"western"Canadian"watersheds"and"changes"to"the"snow"accumulation"

season,"spatial"distribution"of"snowfall,"and"magnitude"of"snowpack"alter"the"frozen"

storage" reservoir" and" thus" the" hydrograph" characteristics" of" mountainous"

tributaries" (Barnett" et" al." 2005)." " Of" particular" importance" to" summer" water"

availability"are"increases"in"air"temperature,"which"enhance"evapotranspiration"and"

can"result"in"net"moisture"decreases,"even"if"precipitation"increases"occur"(Tanzeeba"

and" Gan" 2012)." " Many" trends" have" already" been" detected" for" the" region"

encompassing"the"watersheds"of" the"eastern"slopes"of" the"Rocky"Mountains,"and"a"

number"of"hydrologic"and"cryospheric"trends"are"described"below.""""""

TimeSseries"trend"analyses"have"been"performed"on"many"hydrological"and"

climatological"variables"in"western"Canada"at"a"range"of"spatial"and"temporal"scales.""

Annual" temperature" increases"were" reported" for" the" 1950S1998" period," with" the"

greatest" increases" occurring" in" northwestern" Canada" (Zhang" et" al." 2000)." " The"

largest"temperature"increases"were"observed"in"winter"(DecSFeb)"and"spring"(MarS

May),"moderate" increases" for" summer" (JunSAug)," and" decreases" for" autumn" (SepS

Nov)." " In"a" study" focused"on"western"Canada"using" the"ANUSPLIN"highSresolution"

daily"gridded"dataset"(McKenney"et"al."2011),"Linton"et"al." (2014)"detected"annual"

temperature" increases" for" western" Canada" over" the" 1950S2010" period," with" the"

greatest" increases" occurring" during" the" cold" season" (NovSApr)," particularly" in"

northern"Canada."""
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In"terms"of"precipitation,"Zhang"et"al."(2000)"found"predominantly"increasing"

trends"for"the"1950S1998"period,"with"the"greatest"increases"over"northern"Canada"

during" the" winter" (DecSFeb)," and" decreases" over" southwestern" Canada" during"

winter" and" in" the" northwest" corner" of" the" Northwest" Territories" during" summer"

(JunSAug).""Using"gridded"data"at"10Skm"resolution"(McKenney"et"al."2011),"Linton"et"

al." (2014)" reported" spatially" varied" precipitation" increases" and" decreases"

throughout"the"year,"with"decreases"largely"occurring"during"the"winter"(NovSApr)"

and" increases" during" summer" (MaySOct)." " Additionally," summer" precipitation"

increases"were"primarily" focused" in" the" southern" Liard" and"northern"Peace"River"

Basins"(Linton"et"al.+2014).""""""""""""

Increasing" winter" and" spring" air" temperatures" have" resulted" in" an" earlier"

average" date" that" air" temperatures" shift" from"predominantly" below" to" above" 0°C,"

signaling" the"onset"of"snowmelt" (Bonsal"and"Prowse"2003)." "Snowmelt" in"western"

Canada" has" increased" for" the" 1950S2010" period" during" MarSApr," and" decreased"

during"May," indicating"earlier" snowmelt" (Linton"et"al."2014)." "Earlier" snowmelt" in"

alpine"headwaters"has"resulted"in"a"decreasing"trend"of"riverSice"conditions"(Zhang"

et" al." 2001)," date" of" spring" pulse" onset," and" peak" spring" discharge" (Burn" 1994;"

Whitfield"and"Cannon"2000;"Zhang"et"al."2001;"Burn"and"Hag"Elnur"2002;"Burn"et"al."

2004a;"Abdul"Aziz"and"Burn"2006;"Rood"et"al."2008;"Bawden"et"al."2014)."""

Air" temperature" and" precipitation" trends" and" variability" are" linked" to"

number"of"significant"trends"in"streamflow"in"western"Canada.""However,"much"like"

the" temperature"and"precipitation" trends," the"hydrologic"responses"have"not"been"

heterogeneous." " Additionally," the" evaluation" of" spatioStemporal" hydrological"
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changes" is" difficult" given" the" generally" shorter" records" at" hydrometric" stations.""

Although"many" studies"have" concluded" that" annual"discharge"of" rivers" in"western"

Canada"has"been"decreasing"(Zhang"et"al."2001;"Burn"and"Hag"Elnur"2002;"Burn"et"

al." 2004b;" Rood" et" al." 2005)," conflicting" trendSanalysis" results" exist" as" a" result" of"

different"time"periods"analyzed,"the"number"and"selection"of"hydrometric"stations,"

and"methodology" used" to" evaluate" change." " For" example," a"mix" of" increasing" and"

decreasing" annual" or" seasonal" streamflow" trends" have" been" reported" for" various"

hydrometric"gauging"stations"in"the"Mackenzie"(Whitfield"and"Cannon"2000;"Zhang"

et"al."2001;"Burn"and"Hag"Elnur"2002;"Burn"et"al."2004a,b;"Rood"et"al."2008;"Yip"et"al."

2012,"Bawden"et"al."2014)"and"Saskatchewan"River"Basins" (Westmacott"and"Burn"

1997;"Whitfield" and" Cannon" 2000;" Zhang" et" al." 2001;" Burn" and" Hag" Elnur" 2002;"

Burn"et"al."2008;"Rood"et"al."2008;"Bawden"et"al.+2014).""This"emphasizes"the"need"

for"additional"research"to"identify"hydroclimatic"variables"influencing"hydrology"of"

river"basins"in"western"Canada,"including"links"to"dominant"atmospheric"circulation"

patterns"to"explain"such"variation"as"next"reviewed."

"

2.3+Synoptic+Climatology+

2.3.1+Introduction+

Synoptic" climatology" is" the" science" of" understanding" links" between" largeS

scale"atmospheric"circulation"and"surface"climate"variables,"such"as"air"temperature"

and"precipitation" (Yarnal,"1993)." "Air"masses" retain"characteristics"of" their" source"

region"and"are"modified"through"surface"energy"interactions.""Atmospheric"pressure"
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patterns"dictate"the"direction"and"magnitude"of"the"movements"of"these"air"masses.""

The"midStroposphere" exhibits"patterns"of"high," low,"meridional," or" zonal"pressure"

gradients" that" vary" spatially" and" temporally." " The"positions" of" troughs" and" ridges"

drive" surface" highS" and" lowSpressure" systems" and" indicate" the" location" of" surface"

frontal"boundaries"(Holton"1979)." "For"example,"located"to"the"right"of"a"ridge"axis"

and"the"left"of"a"trough"axis" is"a"region"of"convergence,"resulting"in"descending"air"

and"surface"divergence,"suppressing"cloud"formation"and"precipitation.""Conversely,"

to"the"left"of"a"ridge"axis"and"right"of"a"trough"axis"is"a"region"of"divergence,"resulting"

in" surface" convergence," rising" air," which" is" conducive" to" cloud" formation" and"

precipitation"(Holton"1979).""Within"the"study"area"of"this"research,"lee"cyclogenesis"

is"common"as"moist"air"rises"over"the"Rocky"Mountains," then"dry"air"descends"the"

leeward" slopes," warming" adiabatically" and" stretching" the" air" column," causing"

instability"(Martin"2006).""""""""""

In" synoptic" climatological" studies," a" catalogue" or" archetype" set" of" synoptic"

patterns"is"produced"through"objective"or"subjective"analyses.""Such"a"classification"

reduces"a"large"dataset"by"grouping"similar"circulation"types"into"a"manageable"set"

of"patterns"that"can"be"used"to"facilitate"analysis"with"surface"climate." "Traditional"

and"new"methods"of"synoptic"classification"are"reviewed"and"compared"below,"and"

an" inSdepth" summary" of" SelfSOrganizing" Maps" (SOM)," the" method" used" in" this"

research,"is"provided.""Additionally,"a"description"of"largeSscale"teleconnections"that"

are"known"to"influence"climate"in"western"Canada"is"given."
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2.3.2+Synoptic+Classification+

Synoptic"classification"was"initially"performed"using"manual"analysis"(Yarnal"

et" al." 2001);" however," through" the" development" of" improved" data" collection" and"

computerized" statistical" analysis" techniques," classification" methodologies" have"

improved," including" Kirchhofer" sumSofSsquares," KSmeans" cluster" analysis," and"

Principal" Components" Analysis" (PCA;" Yarnal" 1987;" Huth" et" al." 2008)." " A" full"

description" and" literature" review" of" a" number" of" methods" and" applications" of"

synoptic"climatology"can"be"found"in"Yarnal"(1993),"Yarnal"et"al."(2001),"and"Huth"et"

al."(2008)."

One"of"the"challenges"in"synoptic"classification"is"defining"a"suitable"number"

of"types,"large"enough"for"all"relevant"circulation"patterns"to"be"identified"and"small"

enough"to"avoid"overgeneralization"that"leads"to"redundant"patterns"(Hewitson"and"

Crane"2002;"Cuell"and"Bonsal"2009).""A"staple"for"synoptic"climatology"over"the"past"

few"decades"has"been"PCA,"a"dataSreduction"method"that"isolates"the"variance"in"the"

dataset.""PCA"produces"a"set"of"eigenvectors,"each"representing"a"percentage"of"the"

total" variance,"with" the" first" eigenvector" (the"principal" component)" explaining" the"

largest" variance," and" each" subsequent" eigenvector" a" smaller" percentage" (Yarnal"

1993)." "Hewitson"(2008)"suggests" that"PCA"results"are"difficult" to" interpret"due"to"

the"data"reduction.""PCA"is"frequently"followed"by"cluster"analysis,"such"as"kSmeans,"

to"produce"a" catalogue"of"discrete"patterns." "Yarnal" (1993)" recommends" retaining"

only"a"few"important"eigenvectors,"as"they"represent"a"large"percentage"of"variance.""

However,"retaining"only"a"few"components"from"PCA"leads"to"a"synoptic"catalogue"

that" may" not" be" accurate," and" the" subjectivity" involved" in" deciding" how" many"
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eigenvectors"to"retain"changes"the"resulting"synoptic"classification"and"retaining"all"

eigenvectors" defeats" the" data" reduction" purpose" of" performing" PCA" (Cuell" and"

Bonsal"2009)."

"""

2.3.3+SelfYOrganizing+Maps+

SOM"is"a"relatively"new"method"being"used"to"conduct"synoptic"classification.""

SOM"allows"large"data"sets"to"be"organized"and"visualized"to"facilitate"analysis,"such"

as"the"previously"noted"relationship"between"synopticSscale"atmospheric"circulation"

patterns"and"surface"climate"variables." " SOM" is"an"unsupervised," iterative" training"

process"that"uses"competitive"and"cooperative" learning"to"cluster"and"project"data"

onto" an" organized" output" array" (Kohonen" 2001)." " When" applied" to" atmospheric"

circulation" data," the" vectors" containing" georeferenced," geopotential" height" (gph)"

data"are"organized"such"that"the"output"array"spans"the"continuum"of"atmospheric"

states." " The" learning" process" is" similar" to" traditional" cluster" analysis" as" the" input"

data" are" mapped" to" the" best" fit" node;" however," the" goal" of" cluster" analysis" is"

classifying" data" into" groups" based" on" similarities," where" SOM" “attempts" to" find"

points"in"the"physical"space"that"are"representative"of"nearby"observations”"(Huth"et"

al." 2008," p." 113)." " Unlike" cluster" analysis," SOM" produces" a" topologically" ordered"

array" through" neighbourhood" relationships" between" nodes" (Kohonen" 2001)," thus"

representing"a"continuum"of"data"space"from"the"topSleft"to"bottomSright"corners."""

The" strength" of" SOM" data" projection" is" that" nodes" are" connected" through"

topological"relationships." "During"training,"when"a" ‘winning’"node" is" identified," the"

values"of"the"node"are"updated"to"be"closer"to"the"data"vector.""Neighbouring"nodes"
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are" also" updated," but" to" a" lesser" extent." " This" updating" procedure" reduces" the"

Euclidean"distance"between"the"neighbouring"nodes." "The"number"of"neighbouring"

nodes"to"be"updated"during"training"is"defined"as"the"radius,"which"is"initially"a"large"

number"and"reduces"to"1"at"the"end"of"training"process.""There"is"no"set"consensus"

for" defining" radius" in" the" literature." " For" example," Michaelides" et" al." (2007)"

recommends" an" initial" neighbourhood" radius" of" 90%" of" the" smallest" side" of" the"

output"array.""Others"defined"the"initial"radius"as"equivalent"to"the"smallest"side"of"

the"array"(Hewitson"and"Crane"2002;"Johnson"et"al."2008).""The"initial"radius"may"be"

defined" as" a" small" value," updating" only" the" closest" neighbouring" nodes" (Liu" and"

Weisberg" 2007;" Schuenemann" et" al." 2009)." " If" a" radius" of" 0" was" defined," SOM"

behaves" like"a" cluster"analysis" tool"without"data"projection,"because"neighbouring"

nodes"are"not"updated"during"map" training" (Jiang"et"al."2012)." " In"most"cases," the"

final"SOM"array"used"for"analysis"is"the"product"of"a"large"number"of"SOM"training"

runs" using" varying" parameters" and" selecting" the" best" map," as" recommended" by"

Kohonen"(2001)."

Kohonen"(2001)"outlined"a"number"of"recommendations"for"creating"stable,"

highSquality" SOM" arrays." " As" the" library" of" literature" using" SOM"methodology" in"

synoptic" climatology" research"has" grown," new"benchmarks"have"been" established"

for"choosing"the"optimal"SOM"output"size"and"shape,"and"assessing"quality"of"SOM"

results." " Due" to" the" geographic" space" depicted" by" synoptic" atmospheric"windows,"

researchers" almost" exclusively" select" the" `rectangular’" over" `hexagonal’" sheet" for"

SOM"array"size"and"organization,"although"Kohonen"(2001)"suggests"the"`hexagonal’"

array" to" be" visually" superior." " Kohonen" (2001)" also" recommends" choosing"
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rectangular"(e.g."4x3)"rather"than"square"(e.g."3x3)"arrays"for"mathematical"stability.""

The"bestSmatching"unit"is"the"node"to"which"an"individual"data"vector"is"closest.""The"

distance"between"the"bestS"and"the"secondSbest"matching"units"is"also"a"measure"of"

topological"ordering.""Ideally,"the"secondSbest"matching"unit"is"a"direct"neighbour"of"

the"bestSmatching"unit,"and"the"percentage"of"instances"where"this"is"not"the"case"is"

referred" to" as" topographic" error" (Vesanto" et" al." 2000)." " Quantization" error" is"

calculated" as" the" average" Euclidean" distance" between" each" data" vector" and"

corresponding"best"matching"unit,"and"thus" is"a"measure"of"withinSgroup"variance"

and"how"well"SOM"represents"the"data"(Vesanto"et"al."2000).""Both"topographic"and"

quantization" error" are" queries" built" into" the" SOM" program." " Root" meanSsquare"

differences" have" also" been"used" to" quantify"withinSgroup" variance" (Hewitson" and"

Crane" 2002;" Reusch" 2010)." " These" methods," along" with" additional" quality"

assessments,"allow"the"researcher"a"degree"of"confidence"in"the"data"representation"

of"the"SOM.""However,"some"have"declared"the"subjective"choice"of"SOM"array"size"to"

be"as"valid"as"using" the"measure"of"quantization"and"topographic"error"(Hewitson"

and"Crane"2002;"Cassano"et"al."2006).""Ultimately,"as"with"any"synoptic"classification"

method," the" SOM" array" chosen" should" serve" the" intended" purpose" (Huth" et" al."

2008).""Therefore,"the"choices"made"with"regards"to"SOM"output"array"for"synoptic"

climatology"should"account"for"some"relationship"with"surface"climate"variables" in"

addition" to" the" quality" assessment" measures" presented" by" Kohonen" (2001)" and"

others.""""

The" first" step" in" SOM" is"map" initialization," which" can" be" conducted" either"

using"random"or"linear"initialization"methods.""Linear"initialization"uses"the"first"two"
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eigenvectors"to"determine"variance"that"spans"the"array,"and"is"the"default"setting"in"

SOM." " Random" initialization" was" created" to" prove" that" data" vectors" become"

organized"during"the"initialization"process"(Kohonen"2001)." "Random"initialization"

demonstrates" the" ability" of" SOM" to" organize" data," as" data" are" presented" in" an"

arbitrary" fashion" rather" than" through"eigenvectors." "The" initialized"array" contains"

an" ordered" set" of" nodes" of" representative" data" vectors," the" number" of" which" is"

defined" by" the" user." " For" example," defining" a" 3x4" array" results" in" a" SOM"with" 12"

nodes"arranged"in"three"rows"and"four"columns."""""

Initialization" is" followed" by" training," using" either" sequential" or" batch"

algorithms.""In"sequential"training,"data"vectors"are"presented"one"at"a"time,"where"

batch"training"presents"the"entire"set"of"data"vectors"at"once.""The"aim"of"training"is"

for" each" data" vector" to" be" matched" to" the" ‘winning’" node," based" on" Euclidean"

distance" (Kohonen" 2001)." " Batch" training" was" determined" to" be" faster" and" less"

subjective" than" the" sequential" algorithm" as" the" sequential" algorithm" requires"

definition" of" additional" parameters" (Kohonen" 1993;" Kohonen" 1999;" Liu" and"

Weisberg"2005;"Jiang"et"al."2012)."

A" full"description"of" the"SOM"algorithm"and" training"process" is" available"at"

Kohonen"(2001),"and"application"of"SOM"to"geographic"applications"at"Agarwal"and"

Skupin"(2008)." "Additionally,"Reusch"(2010)"provides"a"comprehensive"description"

of"SOM"implementation"and"explanation"of" the"SOM"output"array" in"general" terms"

and"applied"to"a"climatological"problem.""Sheridan"and"Lee"(2011)"review"the"use"of"

SOM" methodology" in" synoptic" climatology" research." " Public" domain" software" is"
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available"from"the"developers"of"SOM,"including"a"SOM"Toolbox"for"Matlab"(Vesanto"

et"al."2000;"http://www.cis.hut.fi/research/somSresearch/)."

"

2.3.4+PCAYSOM+Comparison+

SOM" presents" many" advantages" over" traditional" synoptic" classification"

methods" (Hewitson" and" Crane" 2002;" Reusch" et" al." 2005;" Cassano" et" al." 2006;"

Hewitson"2008;"Reusch"2010)." "One" of" the"primary" advantages" is" the" ‘real"world’"

visualization" that" SOM" provides," as" it" treats" the" data" as" a" continuum" rather" than"

discrete"variables,"unlike"traditional"typing"methods," including"PCA"(Hewitson"and"

Crane"2002).""Reusch"et"al."(2005)"determined"that"SOM"is"able"to"effectively"handle"

discontinuous"data"by"interpolating"during"the"training"phase,"then"failing"to"assign"

input"data"to"the"interpolated"node,"giving"it"a"frequency"of"0.""SOM"does"not"exclude"

outliers" or" cluster" outliers" with" inappropriate" groups," which" is" shown" to" be"

important"when"examining"extreme"events"(Cassano"et"al."2006)."""

As" PCA" has" been" a" popular"method" of" synoptic" classification," a" number" of"

studies"have"compared"the"relative"performance"of"SOM"versus"PCA"(e.g."Astel"et"al."

2007;" Liu" and"Weisberg" 2006;" Iseri" et" al." 2009;" Jiang" et" al." 2012)." " Reusch" et" al."

(2005)"compared"SOM"with"PCA"using"a"synthetic"dataset"consisting"of"eight"simple"

circulation" patterns" repeated" randomly" to" create" 1000" data" vectors." " Varying"

degrees"of"noise"were"added" to" the"dataset" for" some"of" the" comparison" tests," and"

both"rotated"and"unrotated"PCA"were"tested." "Results"concluded"that"PCA"failed"to"

extract"known"patterns,"blended"patterns,"and"identified"patterns"not"present"in"the"

original" dataset." " Conversely," the" SOM" array" accurately" represented" original"



" 30"

patterns"and"pattern"frequency,"and"it"was"determined"that"SOM"was"less"subjective"

of"the"two"methods"(Reusch"et"al."2005).""Cannon"et"al."(2002)"suggest"that"a"direct"

comparison"of"synoptic"classification"may"be"of"limited"use,"as"each"method"arrives"

at" a" synoptic" catalogue" through" different" goals." " Reusch" et" al." (2005)" also"

acknowledge"the"challenge"of"comparing"these"classification"tools,"but"nevertheless"

conclude"that"SOM"outperforms"PCA.""""""

""

2.3.5+Teleconnections+

A" teleconnection" is" a" recurrent" largeSscale" atmospheric" pressure" or" seaS

surface"temperature"(SST)"pattern"that"has"climatic"implications"ranging"from"local"

to" global." " Due" to" the" recurrent" nature" of" teleconnections," indexing" is" commonly"

performed," providing" a" consistent" set" of" values" readily" available" for" statistical"

analysis"with"climatic"data"(Yarnal"et"al."2001).""Several"teleconnections,"including"El"

NiñoSSouthern"Oscillation"(ENSO),"the"Pacific"Decadal"Oscillation"(PDO),"the"Pacific"

North"American"(PNA)"pattern,"and"the"Arctic"Oscillation"(AO)"have"been"shown"to"

influence"climate"in"western"Canada." "OceanSbased"teleconnections"have"longSterm"

persistence,"such"as"positive"and"negative"ENSO"phases"lasting"6"months"to"several"

years," and" positive" and" negative" PDO" phases" persisting" for" several" decades." " By"

contrast,"atmospheric"teleconnections,"such"as"the"PNA"pattern"or"AO,"are"based"on"

atmospheric"pressure"heights"at"specific"locations,"can"change"on"a"daily"basis,"and"

can"vary"considerably"through"the"course"of"a"month"or"season,"although"longSterm"

index"averages"may"indicate"predominantly"positive"or"negative"phases.""""
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The" Southern" Oscillation" Index" (SOI)" is" one" of" many" indices" representing"

ENSO" and" is" calculated" as" the" difference" in" sea" level" pressure" (SLP)" anomalies"

between"Tahiti,"French"Polynesia,"and"Darwin,"Australia"(http://www.cgd.ucar.edu/"

cas/catalog/climind/soi.html)." " Negative" (positive)" values" of" the" SOI" represent"

below"(above)"average"SLP"in"Tahiti"and"above"(below)"average"SLP"in"Darwin,"and"

are" also" associated" with" above" (below)" average" SST" in" the" eastern" edge" of" the"

tropical" Pacific" basin." " Strong," persistent" negative" (positive)" phases" of" SOI" are"

referred" to" as" El"Niño" (La"Niña),"while" values" in" between" are" considered" neutral.""

ENSO"has"been" linked"to"global"atmospheric"phenomena" including" intensity"of" the"

Aleutian"Low"(Horel"and"Wallace"1981)."""

The" PDO" represents" SST" anomalies" in" the" North" Pacific" Ocean" calculated"

using"empirical"orthogonal"function"(EOF)"analysis"(Mantua"et"al."1997).""During"the"

warm,"or"positive"(cool,"or"negative)"phase"of"the"PDO,"SST"in"central"North"Pacific"is"

cooler"(warmer)"and"the"eastern"edge"of"the"North"Pacific"basin"is"warmer"(cooler;"

Mantua"and"Hare"2002)." "The"PDO"oscillates"between"a"cold"and"warm"phase"on"a"

multiSdecadal"scale,"with"a"wellSdocumented"coldS"to"warmS"phase"shift"in"the"midS

1970s" (e.g." Mantua" et" al." 1997;" Hare" and" Mantua" 2000)." " There" has" been" some"

speculation" that" the" PDO" may" have" shifted" from" a" predominantly" positive" to"

negative"phase"in"1998"(Peterson"and"Schwing"2003;"Overland"et"al."2008;"Whitfield"

et"al."2010)."

Monthly" values" of" the" PNA" pattern" are" calculated" using" rotated" principal"

components" analysis" (RPCA)" of" 500" hPa" gph" anomalies" between" 20°" and" 90°N,"

relative" to" 1950S2000"mean" (Barnston" and" Livezey" 1987)." " Daily" values" are" then"
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determined" through" Least" Squares" regression." " The" PNA" pattern" indicates" midS

tropospheric"circulation"by"identifying"four"centres"of"action"located"over"the"North"

Pacific," Hawaii," western" Canada," and" southeastern" United" States" (Wallace" and"

Gutzler"1981;"Barnston"and"Livezey"1987).""The"PNA"is"an"indicator"of"the"intensity"

of" the"Aleutian"Low,"a" frequent,"persistent"centre"of" lowSpressure" located"over"the"

Aleutian" Islands" off" the" coast" of" Alaska" in" the" North" Pacific" (Wallace" and" Gutzler"

1981)" that" has" been" linked" to" surface" climate" in"western" Canada," as" described" in"

Section" 2.4." " Positive" phases" of" the" PNA" pattern" are" associated" with" lower" than"

normal" pressure" over" the" North" Pacific" and" higher" than" average" pressure" over"

western"North"America,"and"negative"phases"of"the"PNA"pattern"are"associated"with"

anomalously" high" pressure" over" the" North" Pacific" and" anomalously" low" pressure"

over"western"Canada."

The" AO" is" calculated" as" the" first" eigenvector" of" seaSlevel" pressure" (SLP)"

anomalies"poleward"of"20°N"referenced" to" the"1979S2000"mean"value"(Thompson"

and"Wallace"1998).""During"the"positive"AO"phase,"anomalously"low"pressure"exists"

over"the"Arctic"and"above"average"pressure"exists"over"the"midSlatitude"region.""The"

opposite" relationship" exists" during" negative" phases." " Because" pressure" gradients"

dictate"air"movement"from"regions"of"high"to"low"pressure,"high"pressure"above"the"

Arctic" leads" to" troughs" of" cold" arctic" air" extending" into" the" midSlatitudes" and"

corresponding"ridges"of"warmer"air"extending"poleward.""Conversely,"low"pressure"

above" the" Arctic" suppresses" these" outbreaks" of" Arctic" air"masses." " The" AO" shifts"

between" predominantly" negative" or" positive" phases" that" persist" for" several" years"

(Overland" and" Wang" 2005)." " Loss" of" sea" ice" has" been" linked" to" atmospheric"
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circulation"patterns"associated"with"recent"trends"in"the"AO"(Rigor"et"al."2002).""This"

loss"of"sea"ice"increases"ocean"surface"area"and,"thus,"the"capacity"for"heat"storage"

and" exchange" (Rigor" et" al." 2002;" Serreze" et" al." 2009)," and" is" projected" to" further"

alter"atmospheric"circulation"patterns"(Overland"and"Wang"2010)."

+

2.4+Previous+Synoptic+Climatological+and+Teleconnection+Studies+

2.4.1+SynopticYScale+Circulation+

Several" general" synopticSscale" circulation" patterns" have" been" identified" as"

important" to" the" hydroclimatology" of" the" southern" Prairie" Provinces," the" region"

containing"the"Saskatchewan"River"Basin,"and"in"some"cases"also"contain"portions"of"

the"Athabasca"and"Peace"River"Basins.""Due"to"the"high"summertime"water"demand"

and" hydroclimatic" variability," most" of" the" studies" conducted" have" focused" on"

summer"precipitation.""For"example,"midStropospheric"zonal"flow"across"the"prairies"

was"found"to"be"associated"with"high"precipitation,"whereas"a"ridge"centred"over"the"

prairies"and"associated"meridional"flow"was"associated"with"low"precipitation"(Knox"

and" Lawford" 1990;" Saunders" and" Byrne" 1996;" Bonsal" et" al." 1999;" Shabbar" et" al."

2011)." "Knox"and"Lawford" (1990),"Bonsal" et" al." (1999)," and"Shabbar" et" al." (2011)"

used" a" groundStoScirculation" method" to" create" composite" circulation" patterns"

associated"with"dry"and"wet"surface"conditions.""Conversely,"using"a"circulationStoS

ground" approach," Saunders" and" Byrne" (1996)" created" a" catalogue" of" 20" synoptic"

types" using" the" Kirchhofer"method," and" compared" observed" with" GCMSsimulated"

patterns" as" well" as" evaluating" monthly" precipitation" efficiency." " In" general,"
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persistent" highSpressure" ridging" over" the" Prairie" Provinces" is" most" commonly"

associated"with"drought"conditions"as"it"blocks"the"advection"of"moisture"from"the"

Pacific"Ocean"or"Gulf"of"Mexico"(Bonsal"and"Wheaton"2005).""In"a"study"addressing"

Rocky"Mountain"winter" snowpack" in" a" region" just" south" of" the" Canadian" prairies,"

Chagnon" et" al." (1993)" manually" classified" 500" hPa" gph" over" Colorado," Idaho,"

Montana," Utah," and" Wyoming," and" found" higher" precipitation" associated" with" a"

trough"and"meridional" flow"over" the" region"and" low"precipitation"associated"with"

the"opposite"conditions."""""""""

For" the" case" of" the" Mackenzie" River" Basin" (MRB)," lee" cyclogenesis" at" the"

surface"was"found"to"be"the"largest"producer"of"precipitation"events"(Lackmann"and"

Gyakum" 1996;" Smirnov" and" Moore" 1999;" Spence" and" Rausch" 2005;" Finnis" et" al."

2009)." "Lee"cyclones"typically"develop"following"a"surface"Aleutian"Low"or"cyclone"

over" the" Gulf" of" Mexico," and" these" lowSpressure" systems" occur" primarily" during"

winter"months"(Finnis"et"al."2009;"Cassano"and"Cassano"2010).""Smirnov"and"Moore"

(2001)"determined"that"the"Pacific"Ocean"was"the"primary"moisture"source"for"the"

Mackenzie" River" Basin" during" winter." " However," during" summer" months," storm"

tracks"directed"by"a" ridge"of"high"pressure"over" the"western"continent"resulted" in"

the" advection" of" moist" air" from" the" Arctic" Ocean" to" the" Mackenzie" River" Basin"

(Smirnov" and"Moore" 1999;" Smirnov" and"Moore" 2001;" Finnis" et" al." 2009;" Cassano"

and" Cassano" 2010)." " Additionally," high" precipitation" events"were" shown" to" result"

from"the"intersection"of"lee"cyclones"and"moist"air"masses"originating"over"the"Gulf"

of" Mexico" that" easily" pass" over" the" relatively" topographically" flat" prairie" region"

(Brimelow"and"Reuter"2005).""
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2.4.2+Teleconnections+

Teleconnection"indices,"including"the"SOI,"PDO,"PNA,"and"AO,"have"commonly"

been" used" to" evaluate" variability" in" surface" climate" and" streamflow" in" western"

Canada." " El" Niño" (negative" SOI)" has" been" linked" to" significantly" below" average"

winter" precipitation" and" La" Niña" (positive" SOI)" with" significantly" above" average"

winter" precipitation" in" the" southern" Prairie" Provinces;" however," a" portion" of" the"

Mackenzie"River"Basin"experiences"significantly"above"average"precipitation"during"

El" Niño" (Shabber" et" al." 1997)." " El" Niño" (La"Niña)"was" also" associated"with" above"

(below)"average"winter" temperatures" in"western"Canada"(Shabbar"and"Khandekar"

1996;" Bonsal" et" al." 2001)" and" a" higher" frequency" of" extreme"warm" (cold)" events"

during"winter"(Shabbar"and"Bonsal"2004).""It"should"be"noted"that"the"link"between"

ENSO"and" temperature" is" stronger"and"more" consistent" than" that"of"precipitation.""

Additionally," many" studies" evaluating" ENSO" and" surface" climate" conditions" have"

focused"on"winter"months"as"the"ENSO"signal"is"strongest"during"this"time"(Shabbar"

and" Khandekar" 1996)." " However," longSterm" or" severe" drought" and" extended" dry"

periods" during" summer" months" (JunSAug)" occur" more" frequently" during" El" Niño"

compared"with"La"Niña"or"neutral"ENSO"events"(Bonsal"and"Lawford"1999;"Bonsal"

and"Wheaton"2005)."""

The" SOI" and" PDO" have" been" linked" to" characteristics" of" atmospheric"

circulation.""Composite"midStropospheric"circulation"maps"reveal"that"the"dominant"

circulation" during" El" Niño" conditions" was" a" lowSpressure" centre" over" the" North"

Pacific" and" highSpressure" over" central" Canada" (Shabbar" and" Khandekar" 1996;"

Shabbar"et"al."1997)." "Conversely,"dominant"circulation"during"La"Niña"was"a"ridge"



" 36"

of"highSpressure"over"the"North"Pacific"(Shabbar"and"Khandekar"1996;"Shabbar"et"

al."1997).""Positive"phases"of"the"PDO"have"been"linked"to"an"increased"frequency"of"

a"midStropospheric"trough"over"the"North"Pacific"Ocean,"while"a"ridge"over"the"same"

region"is"prevalent"during"negative"phases"(Bond"and"Harrison"2000)."""

Atmospheric"circulation"anomalies"that"occur"during"El"Niño"(La"Niña)"were"

found" to"be" similar" to"patterns" that"occurred"during"positive" (negative)"phases"of"

the" PNA" (Horel" and"Wallace" 1981)." " Positive" PNA"was" associated" with" increased"

advection" of" moderate" Pacific" air" masses" and" negative" PNA" was" associated" with"

increased"advection"of"dry"polar"air"masses"over"North"America,"particularly"during"

winter"months" (Sheridan" 2003)." " Romolo" et" al." (2006a,b)," employing" PCA" and" kS

means" cluster" analysis," examined" links" between" El" Niño" and" positive" PNA" with"

warm"dry"synoptic" types"and"highSpressure" ridges"over"western"Canada." "La"Niña"

and" negative" PNA" phases" were" linked" to" zonal" flow" or" troughing" that" were"

associated"with"cool,"wet"synoptic"types."""""""""""

Although"the"influence"of"the"AO"extends"to"the"midSlatitudes,"this"influence"

is"not"spatially"uniform.""For"example,"weak"correlations"exist"between"the"AO"and"

temporal"characteristics"of"winter"cold/warm"spells"(Shabbar"and"Bonsal"2004)"and"

the"timing"of"spring"and"autumn"0°CSisotherm"dates"(Bonsal"and"Prowse"2003)" in"

western"Canada.""These"findings"are"consistent"with"Deser"(2000),"who"determined"

that"AO"exerts"a"greater"influence"in"the"midSlatitude"region"of"the"Atlantic"than"the"

Pacific."

Examining"the"potential"synergies"among"multiple"teleconnections"is"a"key"to"

understanding" the" climatology" of" a" region," as" there" can" be" numerous" interacting"
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factors" influencing" surface" climate." " For" example," Shabbar" and" Khandekar" (1996)"

discovered" instances"where" above" (below)" average" temperatures"occurred"during"

La"Niña"(El"Niño)"events,"the"opposite"of"what"is"expected"during"ENSO"phases.""In"

another"study,"SST"anomalies"consistent"with"positive"PDO"(warm"water"adjacent"to"

the" west" coast" of" North" America" and" cool" water" in" the" central" North" Pacific)"

conditions" were" linked" to" increased" frequency" of" El" Niño" and" opposite" SST"

conditions" (consistent"with"negative" PDO)" associated"with" increased" frequency" of"

La"Niña"(Bonsal"and"Lawford"1999)." "Furthermore,"Gershunov"and"Barnett"(1998)"

and" Bonsal" et" al." (2001)" determined" that" PDO" has" a" modulating" effect" on" ENSO,"

where" El" Niño" coupled"with" positive" PDO" or" La" Niña" coupled"with" negative" PDO"

resulted"in"a"stronger"influence"on"surface"climate"and"midStropospheric"circulation"

patterns," and"opposite" couplings" (El"Niño"and"negative"PDO,"La"Niña"and"positive"

PDO)" had" a" destructive" relationship" lacking" the" strong" influence" on" climate" and"

circulation"anomalies." " In"general," failing" to"account" for"confounding"variables"and"

the" destructive" properties" of" out" of" phase" teleconnections" can" lead" to" poor"

correlations" when" investigating" the" hydroclimatic" response" of" a" single"

teleconnection"(Gobena"and"Gan"2006)."""""""

Teleconnections" have" been" also" shown" to" influence" streamflow" in"western"

Canada." " For" example," Déry" and"Wood" (2005)" found" that" discharge" to" the" Arctic"

Ocean"to"be"significantly"correlated"with"ENSO,"PDO,"and"PNA,"and"discharge"to"the"

western"Hudson"Bay"significantly"correlated"with"ENSO,"PDO,"and"AO.""In"the"Prairie"

Provinces,"negative"streamflow"anomalies"occurred"during"the"spring"and"summer"

following" onset" of" El" Niño," and" positive" anomalies" occurred" during" the"
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spring/summer"following"the"onset"of"La"Niña,"although"it"was"determined"that"the"

effects"of"ENSO"were"modulated"by"the"PDO"(Gobena"and"Gan"2006).""Whitfield"et"al."

(2010)"review"surface"hydroclimatic"effects"of"the"PDO"in"western"Canada,"including"

temperature," precipitation," and" streamflow." " Additionally," Fleming" and" Moore"

(2008)"summarized"select"hydrologic"responses" to"ENSO,"PDO,"and"AO" in"western"

Canada,"and"emphasized"that"individual"watersheds"may"be"affected"differently"than"

neighbouring"watersheds"due"to"complex"factors"influencing"watersheds.""

Few" studies" have" examined" the" relationships" between" teleconnections" and"

atmospheric" circulation" from" a" synoptic" climatological" perspective." " For" example,"

Cassano"and"Cassano"(2010)" linked"positive" (negative)"AO"and"negative" (positive)"

PDO" to" a" decreased" (increased)" frequency" of" a"winter" (DecSFeb)" surface" Aleutian"

Low." " Furthermore," Stahl" et" al." (2006)" reported" significantly" a" higher" (lower)"

frequency" of" synoptic" types" exhibiting" low" SLP" over" the" North" Pacific" Ocean" and"

lower" (higher)" frequency" of" synoptic" types" with" high" SLP" over" the" Pacific" Ocean"

during"negative"(positive)"SOI,"positive"(negative)"PDO,"and"positive"(negative)"PNA,"

statistically"evaluated"using"the"ChiSsquare"test."

"

2.5+Conclusions+
"

This" chapter" has" provided" a" comprehensive" examination" of" literature"

relating" to" the" atmospheric" drivers" of" water" availability" in" western" Canada." " The"

Mackenzie" and" Saskatchewan" Rivers" are" important" for" numerous" terrestrial" and"

marine"processes,"and"are"located"in"a"region"of"high"hydroclimatic"variability.""Air"
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temperature" and" precipitation" are" fundamental" components" of" water" availability,"

and" representing" the" spatial" distribution" of" these" variables" over" a" large" area"

requires"the"use"of"gridded"data." "Procedures"used"to"create"gridded"datasets"have"

progressed" such" that" reliable" highSresolution" temperature" and" precipitation" data"

are"available"in"daily"time"steps.""Additionally,"these"datasets"can"be"used"as"inputs"

to"calculate"drought"indices,"including"the"SPEI,"to"determine"water"availability"over"

a"seasonal"time"period."

There" are" numerous" methods" available" for" classifying" atmospheric"

circulation"patterns," and"over" time" these"have" improved"as"new"methods," such"as"

SOM,"have"been"shown"to"be"more"superior.""Few"attempts"have"been"made"to"link"

synoptic" classifications" and" largeSscale" teleconnections." " These" linkages" are"

necessary"to"fully"understand"the"spatial"and"temporal"dimensions"of"teleconnection"

patterns.""As"atmospheric"circulation"and"teleconnections"are"fundamental"features"

driving"the"hydroSclimate"of"western"Canada,"knowledge"of"these"synergies"is"vital"

to" the" understanding" of" factors" that" control" water" availability." " The" preceding"

information"is"applied"to"meet"the"objectives"outlined"in"Section"1.3,"specifically"to"

create" a" catalogue" of" dominant" synoptic" types" and" relate" those" types" to" surface"

climate"and"teleconnections." "This" is"carried"out"on"both"a"winter"(Chapter"3)"and"

summer"(Chapter"4)"basis."""
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Figure"2.1:"Rivers"originating"on"the"leeward"slopes"of"the"Rocky"Mountains.""The"
Liard,"Peace,"and"Athabasca"Rivers"are"tributaries"to"the"northSflowing"Mackenzie"
River,"and"the"North"and"South"Saskatchewan"Rivers"are"tributaries"to"the"eastS

flowing"Saskatchewan"River."
"



" 53"

"
Figure"2.2:"Hypsometric"profile"of"the"Liard,"Peace,"Athabasca,"North"Saskatchewan,"

and"South"Saskatchewan"Rivers."
"
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Chapter+3:+ Evaluating+the+distribution+of+water+resources+in+
western+Canada+using+synoptic+climatology+and+selected+

teleconnections.+Part+1:+Winter+season+
"

Abstract+

"
The" Climatic" Redistribution" of" western" Canadian" Water" Resources" (CROCWR)"

project"was"designed" to" identify" regions"of" increased/decreased"water"availability"

by"evaluating"a"suite"of"atmospheric,"hydroclimatic,"and"streamflow"variables.""This"

research" component" focuses" on" the" atmospheric" drivers" of" air" temperature" and"

precipitation" in" the" watersheds" originating" on" the" leeward" slopes" of" the" Rocky"

Mountains.""Dominant"winter"(NovSApr)"synopticSscale"midStropospheric"circulation"

patterns" from" 1950S2011" are" classified" using" selfSorganizing" maps" (SOM)," and"

frequency" distributions" for" positive/negative" phases" of" the" Southern" Oscillation"

Index" (SOI)," Pacific" Decadal" Oscillation" (PDO)," and" Arctic" Oscillation" (AO)" are"

compared." " Corresponding" highSresolution" gridded" air" temperature" and"

precipitation"anomalies"are"calculated"for"each"synoptic"type"and"spatial"patterns"of"

above/below"average"air"temperature"and"precipitation"and"north/south"gradients"

are" identified." " Gridded" sixSmonth" values" of" the" Standardized" PrecipitationS

Evapotranspiration"Index"(SPEI)"are"also"used"to"categorize"winters"into"regions"of"

high/low" snowpack." This" study" is" unique" in" its" focus" on" quantifying" statistical"

relationships" between" synopticSscale" circulation" patterns" and" teleconnections.""

Results" indicate" that" the" strength" and" position" of" a" highSpressure" ridge" over" the"

Pacific"Ocean"(western"North"America)"is"associated"with"anomalously"cool"(warm),"
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wet"(dry)"conditions"in"the"study"region." "Statistically"significant"increases"in"highS

pressure" ridging" over" the" Pacific" Ocean" (western" continent)" are" associated" with"

positive" (negative)" phases" of" the" SOI," and" negative" (positive)" phases" of" the" PDO,"

while"only"weak"associations"with"the"AO"are"found.""Through"improved"knowledge"

of" the" relationships" between" teleconnections," midStropospheric" circulation," and"

surface"climate,"the"spatial"and"temporal"distribution"of"water"resources"in"western"

Canada"is"better"understood.""""""

"

3.1+Introduction+
" "

The"global"impacts"of"climate"change"have"varied"spatially,"and"confounding"

these"changes"are"an"intensification"of"the"hydrologic"cycle"(Huntingdon"2006;"Déry"

et"al."2009)"and"increased"atmospheric"moisture"transport"(Zhang"et"al."2013)." "Of"

particular" concern" are" regional" hydroclimatic" responses" to" climate" change" in"

western" Canada," an" area" of" high" hydroclimatic" and" physiographic" variability.""

Climate"and"streamflow"changes"have"been"documented"for"discrete"regions"or"river"

basins"in"western"Canada,"but"previous"studies"have"not"evaluated"climatic"change"

from"the"perspective"of"waterSresource"redistribution"across"watershed"boundaries.""

A"major" boundary" dividing" northSflowing" and" eastS" or"westSflowing" rivers" of" this"

region" is" located" in" the"midSlatitudes." " Therefore," even"minor" shifts" in" the" spatial"

patterns"of"climate"can"have"substantial"consequences"for"the"distribution"of"water"

resources"in"western"Canada.""Consequently,"the"Climatic"Redistribution"of"western"

Canadian"Water"Resources"(CROCWR)"project"was"devised"to"address"these"broadS

scale" changes" between"midS" and" highSlatitude"watersheds" through" the" systematic"



" 56"

evaluation" of" multiple" hydroclimatic" and" streamflow" parameters" (Prowse" et" al."

2013;"see"also"Bawden"et"al."2014"and"Linton"et"al."2014)."""

A"number"of"significant"hydroclimatic"trends,"at"a"variety"of"scales,"have"been"

detected" in" western" Canada." " Winter" temperatures" have" increased" since" 1950,"

particularly"in"northern"Canada"(Zhang"et"al."2000;"Linton"et"al."2014).""In"addition,"

while"autumn"freezeSup"dates"have"remained"relatively"unchanged,"the"timing"of"the"

spring" 0°CSisotherm" has" become" significantly" earlier" (Bonsal" and" Prowse" 2003).""

Precipitation"decreases"since"1950"have"been"detected"in"western"Canada"(Zhang"et"

al." 2000;" Linton" et" al." 2014)," although" Zhang" et" al." (2000)" reported" increased"

precipitation"in"northern"Canada.""The"magnitude"of"temperature"and"precipitation"

changes"has"not"been"heterogeneous"(Linton"et"al."2014).""Likewise,"the"streamflow"

responses" to" these" changes" have" been" mixed." " For" example," both" increasing" and"

decreasing"streamflow"trends"were"reported" for"hydrometric"stations" in" the"Liard"

(Burn" et" al." 2004a," 2004b)," Athabasca" (Burn" et" al." 2004b)," and" Mackenzie" River"

Basins" (Yip" et" al." 2012)." " Additionally," Rood" et" al." (2008)" reported" streamflow"

increases" on" the" Athabasca" River," and"mixed" increases" and" decreases" within" the"

Saskatchewan"River"Basin.""More"recently,"Bawden"et"al."(2014)"detected"generally"

decreased" (increased)"winter" streamflow" in" southwestern" (northwestern)" Canada"

since"1976.""One"area"of"agreement"among"research"has"been"the"detection"of"trends"

toward"an"earlier"spring"pulse"onset"(Zhang"et"al."2001;"Burn"et"al."2004a;"Rood"et"

al."2008;"Burn"et"al."2008;"Yip"et"al."2012;"Bawden"et"al."2014)."

The" northSflowing" Mackenzie" and" eastSflowing" Saskatchewan" Rivers" (Fig."

3.1)" are" key" sources" of" water" in" western" Canada," their" headwaters" being" in" the"
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leeward"slopes"of"the"Rocky"Mountains.""The"snowmeltSdominated"alpine"tributaries"

of" this"headwater" region"provide" the" largest" contribution" to"annual" streamflow"of"

the"Mackenzie" and"Saskatchewan"Rivers," and" are" the" focus"of" this" study." " Flow"of"

these" rivers" is" important" for" aquatic" and" terrestrial" ecosystems," agricultural"

production,"and"hydroelectricity"generation.""Furthermore,"the"Mackenzie"River"is"a"

major" circumpolar" contributor"of" flow" to" the"Arctic"Ocean"–" river"discharge"being"

the" largest" source" of" freshwater" input" to" the" Arctic" Ocean" (Serreze" et" al." 2003)"

where"it"is"essential"for"densitySbased"stratification,"sea"ice"formation"(Arnell"2005;"

Lammers" et" al." 2001)," oceanic" circulation" patterns" (Morison" et" al." 2012)," and"

feedbacks"to"the"global"climate"system"(Lewis"et"al."2000).""""""

The" Liard," Peace" and" Athabasca" Rivers" are" the" primary" tributaries" to" the"

Mackenzie" River." " The" boreal" plains" environment" that" characterizes" much" of" the"

Liard" River" Basin" extends" southwards" into" portions" of" the" Athabasca" River" Basin"

then" rolls" into" a" semiSarid" prairie" environment." " The" proportion" of" basins"

characterized"by"alpine"environments"is"reduced"toward"the"south"end"of"the"study"

region," such" that" only" a" small" fraction" of" the" Saskatchewan" River" Basin" is"

mountainous"(Fig."3.2).""The"region"east"of"the"Rocky"Mountains"is"prone"to"Chinook"

winds,"caused"by"the"adiabatic"warming"of"air"masses"as"they"descend"the"leeward"

slopes." " Chinook"winds" are"more" frequent" in" the" southern" portion" of" the" Rockies"

than" the" north" (Longley" 1967)," vary" from" year" to" year" (Goulding" 1978)," and" can"

increase"loss"of"snowpack"due"to"sublimation"(MacDonald"et"al."2010).""

In"general," the" interannual"variability"of"hydroclimatic" conditions" is" largely"

controlled" by" largeSscale" atmospheric" circulation." " Specifically," midStropospheric"
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circulation"drives"surface"climate"conditions"through"the"forcing"of"vertical"motion"

in"the"air"column"and"the"advection"of"warm"and"cold"fronts"at"the"surface"(Holton"

1979)." "For"example,"regions"of"midStropospheric"convergence,"located"to"the"right"

of" a" ridge" axis" and" left" of" a" trough," are" associated" with" surface" divergence,"

consequently"suppressing"cloud"formation"and"precipitation.""By"contrast,"regions"of"

midStropospheric" divergence," located" to" the" left" of" the" ridge" axis" and" right" of" the"

trough," are" associated" with" surface" convergence" and" rising" in" the" air" column,"

conditions"conducive"to"cloud"formation"and"precipitation"(Holton"1979)." "For"this"

study" region," the" area" east" of" the" Rocky"Mountains" is" also" prone" to" cyclogenesis"

related"to"the"expansion"of"the"air"column"as"it"descends"the"lee"side"of"the"mountain"

slopes"(Martin"2006)."""

Specific" synopticSscale" midStropospheric" circulation" patterns" have" been"

shown" to" influence" winter" surface" climate" in" western" Canada." " For" example," low"

precipitation" has" been" linked" to" a" ridge" of" highSpressure" centred" over" western"

Canada" (Saunders" and" Byrne" 1996;" Romolo" et" al." 2006a)." " Conversely," high"

precipitation"has"been"linked"to"zonal"flow"(Romolo"et"al."2006a)"or"a"ridge"of"high"

pressure"over"the"Pacific"Ocean"(Finnis"et"al."2009;"Cassano"and"Cassano"2010).""The"

development"of" a" lee" cyclone"at" the" surface,"preceded"by"a"midStropospheric" lowS

pressure"system"over"the"Pacific"Ocean"(Aleutian"Low)"has"been"demonstrated"to"be"

the"primary"mechanism" for"producing"precipitation" (Lackmann"et" al." 1998)." " This"

lowSpressure" system" results" in" a" narrow" band" of" moisture" influx" to" the"

southwestern" portion" of" the"Mackenzie" River" Basin," and" is" the" primary" source" of"

moisture" to" the" region" (Smirnov" and" Moore" 2001)." " In" a" similar" study," Liu" and"
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Stewart" (2003)" identified" both" the" Arctic" and" Pacific" Oceans" as" winter" moisture"

sources"for"the"Saskatchewan"River"Basin."""

A"portion"of"the"interannual"variability"in"dominant"atmospheric"circulation"

and" hydroclimatic" variables" for" the" study" region" results" from" largeSscale"

teleconnections" such" as" El" NiñoSSouthern" Oscillation" (ENSO)," the" Pacific" Decadal"

Oscillation" (PDO)," the" Pacific" North" American" (PNA)" pattern," and" the" Arctic"

Oscillation" (AO)." " Teleconnection" indices" have" commonly" been" used" as" tool" for"

evaluating"hydroclimatic"variables." "For"example,"negative"(positive)"phases"of" the"

Southern" Oscillation" Index" (SOI)," representing" ENSO," have" been" associated" with"

anomalously" dry" (wet)" conditions" (Shabbar" et" al." 1997;"Romolo" et" al." 2006a)" and"

above" (below)" average" temperatures" (Shabbar" and"Khandekar"1996;"Bonsal" et" al."

2001)"in"western"Canada.""Additionally,"ENSO"was"linked"to"the"frequency,"duration,"

and"intensity"of"warm"(El"Niño)"and"cold"(La"Niña)"events"across"Canada"(Shabbar"

and"Bonsal"2004).""Positive"(negative)"phases"of"the"PDO"have"also"been"associated"

with"dry" (wet),"warm" (cool)" conditions" (Bonsal" et" al." 2001)." " The"AO"was"weakly"

correlated"with"winter"climate"in"western"Canada"(Shabbar"and"Bonsal"2004).""Both"

the" ENSO" and" PDO" signals" were" found" to" be" stronger" during" winter" months"

(Shabbar"and"Khandekar"1996;"Fleming"and"Whitfield"2010)."""""""

Teleconnection" indices" have" also" been" linked" to" streamflow." " For" example,"

negative"phases"of"PDO"were"linked"to"earlier"spring"freshet"on"the"Liard,"Peace,"and"

Athabasca"Rivers"(Burn"2008).""Déry"and"Wood"(2005)"determined"that"discharge"to"

the" Arctic" Ocean" was" positively" correlated" with" ENSO," and" negatively" correlated"

with"the"PDO"and"PNA,"while"discharge"to"the"western"Hudson"Bay"was"positively"
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correlated" with" ENSO," and" negatively" correlated" with" the" PDO" and" AO." " In" the"

prairies,"negative"(positive)"phases"of"ENSO"were" linked"to"below"(above)"average"

streamflow"(Gobena"and"Gan"2006).""""""

The" aim" of" this" research" is" to" identify" the" atmospheric" drivers" of" winter"

water"resource"distribution"in"western"Canada"with"a"particular"focus"on"changes"in"

distribution"across"watershed"boundaries." "Note" that" this"analysis" is"performed" in"

conjunction" with" a" companion" paper" evaluating" summer" water" resource"

distribution"(Newton"et"al."2014).""Specifically,"highSresolution"spatial"patterns"of"air"

temperature"and"precipitation"are"identified"in"relation"to"dominant"synopticSscale"

circulation" patterns." " Changes" in" seasonal" frequency" of" those" synoptic" patterns"

under"the"influence"of"positive"and"negative"phases"of"the"SOI,"PDO,"and"AO"are"then"

statistically" assessed." " These" winter" and" summer" evaluations" of" water" resource"

distribution" are" the" first" focused" examinations" among" largeSscale" teleconnections,"

synopticSscale"circulation"and"surface"hydroclimatic"conditions.""

"

3.2+Data+and+Methodology+

3.2.1+Synoptic+Classification+

To" create" a" catalogue" of" dominant" synoptic" types," daily" winter" (NovSApr)"

geopotential" height" (gph)" data" at" 500ShPa" for" 1950S2011," obtained" from"

NCEP/NCAR" (Kalnay" et" al." 1996)," are" classified" using" the" SelfSOrganizing" Maps"

(SOM)"Toolbox"for"MATLAB"(Vesanto"et"al."2000).""SOM"is"a"neural"network"process"

based"on"competitive"and"cooperative"learning"that"clusters"and"projects"data"onto"a"

topologically" ordered" array" (Kohonen" 2001)," and" has" been" found" to" offer" several"
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advantages"over" traditional" classification"methods" including"principal" components"

analysis"(Hewitson"and"Crane"2002;"Reusch"et"al."2005;"Jiang"et"al."2012).""The"SOM"

is" linearly" initialized" using" the" first" two" eigenvectors" of" each" dataset" to" establish"

maximum"variance"between"opposing"corners." "Training"is"accomplished"using"the"

batchStraining" algorithm,"which" presents" the" entire" dataset" to" the" initialized" SOM"

array.""During"this"training"process,"the"best"matching"unit"(bmu)"for"each"gph"data"

vector"is"determined"by"Euclidean"distance"and"that"bmu"vector"is"then"updated"to"

be"closer"to"the"value"of" the"daily"gph"data"vector"(Kohonen"2001)." "Neighbouring"

units"are"also"drawn"toward"the"bmu,"thus"preserving"topological"relationships.""The"

resulting"array"of"representative"synoptic"types"has"a"list"of"days"corresponding"to"

each"type,"which"is"used"to"compare"with"surface"climate.""""

A" number" of" metrics" can" be" used" to" evaluate" the" quality" of" a" SOM" array,"

including" the" builtSin" Topographic" and" Quantization" Error" functions" in" the" SOM"

Toolbox,"which"indicate"the"strength"of"neighbourhood"relationships"and"the"degree"

of"withinSgroup"variance,"respectively.""An"additional"SOM"array"quality"indicator"is"

used" S" the" correlation" between" daily" synoptic" type" classification" and" daily" Pacific"

North" American" (PNA)" pattern" index" value." " The" PNA" was" chosen" because" it" is"

representative"of"midStropospheric"circulation,"particularly"capturing" the" intensity"

and"position"of"the"Aleutian"Low"(Wallace"and"Gutzler"1981),"and,"therefore,"should"

be"distinguishable"in"the"synoptic"classification.""""

"
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3.2.2+Surface+Climate+

Analysis"of"surface"climate"is"achieved"through"gridded"air"temperature"and"

precipitation" datasets" at" a" 10Skm" resolution" for" 1950S2010," created" using" an"

ANUSPLIN" thinSplate" spline" interpolation" method" and" climate" station" data" as"

described" in" McKenney" et" al." (2011)." " Hutchinson" et" al." (2009)" compared" the"

ANUSPLIN" gridded" dataset" with" data" from" 50" Canadian" climate" stations" omitted"

from"the"original"interpolation"and"concluded"that"the"modelled"and"observed"data"

were" in"good"agreement." "Therefore," the"dataset"was"considered"robust,"and"to"be"

the"best"available"daily"dataset"for"this"research"application."""

Daily"air"temperature"anomalies"at"each"grid"are"calculated"as"the"deviation"

from"the"daily"longSterm"(1950S2010)"mean.""These"anomalies"are"then"averaged"for"

each"synoptic"type.""Since"unlike"temperature,"daily"precipitation"follows"a"longStail"

distribution," the" use" of" daily" precipitation" anomalies" was" not" considered"

appropriate.""Instead,"precipitation"associated"with"each"synoptic"type"is"calculated"

by"determining"the"percentage"of"precipitation"at"each"grid"(for"the"synoptic"type"in"

question)"relative"to"the"mean"(1950S2010)"daily"precipitation"value"at"that"grid.""In"

each"instance,"the"mean"precipitation"value"is"0%."

Cumulative" monthly" temperature" and" precipitation" values" are" calculated"

using" the" daily" gridded" datasets," and" then" the" Standardized" PrecipitationS

Evapotranspiration"Index"(SPEI)"is"calculated"for"the"sixSmonth"winter"period"(NovS

Apr).""The"resolution"of"the"dataset"is"recalculated"to"50Skm,"using"the"mean"value"of"

each"5x5"grid"section." "The"SPEI" is"a"multiSscalar"drought" index"based"on"a"waterS

balance" equation," using" the" difference" between" precipitation" and" potential"
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evapotranspiration,"which" is" largely"a" function"of" temperature"(VicenteSSerrano"et"

al." 2010)." " As" precipitation" dominates" over" evapotranspiration" during" winter"

months,"gridded"NovSApr"SPEI"values"primarily"represent"the"magnitude"and"spatial"

extent"of"winter"snowpack.""""

"

3.2.3+Teleconnections+

Teleconnection"patterns"that"have"been"shown"to"influence"surface"climate"in"

western"Canada"were"selected"for"analysis.""Monthly"values"of"standardized"SOI"and"

daily" values" of" PNA" and" AO" were" obtained" from" the" Climate" Prediction" Center"

(http://www.cpc.ncep.noaa.gov/)." "Monthly"values"of" the"PDO"were"obtained"from"

the" Joint" Institute" for" the" Study" of" the" Atmosphere" and" Ocean" (http://www."

jisao.washington.edu/pdo/)."""

The" SOI" represents" differences" in" sea" level" pressure" (SLP)" anomalies"

between"Tahiti" and"Darwin,"Australia." "Negative"values"of" SOI" (El"Niño)" represent"

anomalously"low"pressure"at"Tahiti"and"anomalously"high"pressure"at"Darwin,"and"

positive"values"of"SOI"(La"Niña)"signify"opposite"anomalies." "El"Niño"(La"Niña)"also"

refers"to"above"(below)"average"SST"in"the"eastern"Pacific,"adjacent"to"the"coast"of"

South"America.""These"SLP"and"SST"anomalies"affect"global"atmospheric"circulation"

including" the" intensity"of" the"Aleutian"Low"(Horel"and"Wallace"1981)." "Positive"or"

negative"phases"of"ENSO"typically"persist"for"6S18"months"and"usually"peak"during"

the"winter"season."

The"PDO"represents"SST"anomalies"in"the"North"Pacific"Ocean"where"positive"

(warm)" phases" are" characterized" by" anomalously" cool" SST" in" the" central" North"
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Pacific"and"anomalously"warm"SST"along"the"eastern"edge"of"the"North"Pacific"basin"

(Mantua"et"al."1997).""Opposite"SST"anomalies"occur"during"negative"(cool)"phases.""

The" PDO" index" is" calculated" as" the" first" eigenvector" of" an" Empirical" Orthogonal"

Function" (EOF)" analysis" of" SST" north" of" 20°N" (Mantua" et" al." 1997)." " OceanS

atmosphere"energy"exchanges"result" in"high"SLP"over"regions"of"high"SST"and"low"

SLP" over" regions" of" low" SST;" therefore," positive" (negative)" phases" of" the" PDO"

correspond" to" low"(high)"pressure"over"Alaska"and" the"North"Pacific" (Mantua"and"

Hare" 2002)." " Phases" of" the"PDO"persist" for" several" decades,"with" the"most" recent"

shift," from"predominantly"cool"to"warm,"occurring"in"the"midS1970s"(Mantua"et"al."

1997)," although" there" has" been" speculation" that" the" PDO" shifted" back" to" the"

negative"phase"in"the"late"1990s"(Overland"et"al."2008;"Whitfield"et"al."2010)."""

The"AO" index" is"a"measure"of"SLP"over" the"Arctic," calculated"as" the" leading"

principal"component"of"EOF"analysis"of"SLP"anomalies"north"of"20°N,"referenced"to"

the" 1979S2000" mean" value" (Thompson" and" Wallace" 1998)." " Negative" (positive)"

phases" of" the" AO" are" characterized" by" anomalously" high" (low)" pressure" over" the"

Arctic," enhancing" (suppressing)" outbreaks" of" cold" Arctic" air" extending" over" the"

northS" to" midS" latitudes" and" anomalously" low" (high)" pressure" over" the" midS

latitudes.""The"AO"oscillates"between"periods"of"predominantly"negative"or"positive"

which"can"persist"for"several"years"(Overland"and"Wang"2005),"and"has"been"linked"

to"loss"of"Arctic"seaSice"extent"(Rigor"et"al."2002;"Overland"and"Wang"2010)."""

The"daily"PNA"index"is"calculated"using"Least"Squares"regression"of"monthly"

values," which" are" produced" through" a" Rotated" Principal" Components" Analysis"

(RPCA)"of"500ShPa"gph"anomalies"between"20°S90°N"(Barnston"and"Livezey"1987).""
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The"resultant" four"centres"of"action"are"structured"such"that"when"the"PNA"values"

are"positive"(negative),"North"Pacific"gph"anomalies"are"negative"(positive),"Hawaii"

and"western"Canada" are"positive" (negative)" and" the" southeastern"United" States" is"

also"negative"(positive;"Wallace"and"Gutzler"1981)."""""

The"most" common"method"of" describing"dominant" atmospheric" circulation"

during" positive/negative" phases" of" teleconnections" has" been" the" creation" of"

composite"maps.""For"example,"dominant"circulation"during"negative"(positive)"SOI"

is"a"midStropospheric"trough"(ridge)"over"the"Pacific"Ocean"and"accompanying"ridge"

(trough)"over"the"western"continent"(Shabbar"and"Khandekar"1996;"Shabbar"et"al."

1997).""More"recently,"a"synoptic"climatological"approach"has"emerged"as"a"tool"for"

evaluating"teleconnections." "For"example,"Cassano"and"Cassano"(2010)" identified"a"

decreased"(increased)" frequency"of"a"surface"Aleutian" lowSpressure"system"during"

winters"(DecSFeb)"dominated"by"positive"(negative)"AO"or"negative"(positive)"PDO;"

however,"statistical"analysis"was"not"part"of"this"research.""In"a"study"of"synoptic"SLP"

patterns" influencing" the" climate" of" British" Columbia," Stahl" et" al." (2006)" reported"

several"statistically"significant"differences"between"ENSO,"PDO,"and"PNA"and"mean"

winter"(DecSFeb)"synoptic"type"frequencies."

The" atmospheric" and" climatic" influence" of" each" phase" of" the" PDO" extends"

several"decades." "Additionally,"the"PDO"has"modulating"effect"on"ENSO,"where"outS

ofSphase" relationships" (i.e." negative" SOI" and" positive" PDO)" have" a" constructive"

relationship" and" stronger" influence" on" climatic" conditions," and" inSphase"

relationships" (i.e." negative" SOI" and" negative" PDO)" have" a" destructive" relationship"

lacking"strong"influence"on"regional"climate"(Gershunov"and"Barnett"1998;"Bonsal"et"
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al." 2001;" Gobena" and" Gan" 2006)." " Yu" et" al." (2007)" linked" the" constructive"

relationship" between" ENSO" and" the" North" Pacific" (NP)" Index," a" measure" of" SLP"

anomalies"associated"with"PDO"(Trenberth"and"Hurrell"1994)," to"variability" in" the"

PNA" index." " Similarly," Johnson" and" Feldstein" (2010)" linked" ENSO" phases" to"

variability"of"frequency"of"PNASlike"SLP"patterns"in"the"North"Pacific.""Consequently,"

a" multipleSindices" approach" to" teleconnectionSbased" hydroclimatic" analysis" was"

recommended"(Whitfield"et"al."2010)."

Monthly"values"of"the"SOI"and"PDO,"and"daily"values"of"the"AO"were"used"to"

calculate" threeSmonth" mean" values" for" classifying" winter" (DecSFeb)" seasons" into"

positive," negative," and" neutral" conditions," based" on" the" top," bottom," and" middle"

thirds" of" the" 62" years" included" in" the" study" period." " PNA" was" not" treated" as" a"

diagnostic" tool," but" rather" an" indicator" of" atmospheric" conditions" over" the" North"

Pacific.""""""""

"

3.3+Results+and+Discussion+

3.3.1+Synoptic+Classification+

Daily"500ShPa"gph"were"classified" into"16" types"on"a"4"x"4"SOM"array" (Fig."

3.3)." "Although"Kohonen"(2001)"recommended"selecting"a" rectangular" rather" than"

square"array"for"mathematical"stability"during"the"training"process,"the"selection"of"

a" square" (4x4)" array" best" suits" the" dataset" and" withstands" all" quality" measures"

including"Topological"and"Quantization"Errors,"and"correlation"with" the"daily"PNA"

index"(r"="0.73,"sig."1%).""Several"SOMSclassifications"were"tested"using"a"variety"of"

parameters," including" larger" and" smaller" arrays." " The" larger" array" resulted" in"



" 67"

redundant,"or"repeated,"circulation"patterns,"and"the"smaller"resulted"in"blending"of"

patterns"and"loss"of"definition"of"important"patterns."""

The"frequency"of"each"type"(in"the"same"order"as"Fig."3.3)"during"the"winter"

season" is" shown" in" Fig." 3.4a." " The" trajectory" map," a" function" of" the" topological"

ordering"of"the"SOM,"represents"the"temporal"evolution"of"atmospheric"states"(Fig."

3.4b),"while"Fig."3.4c"shows"the"persistence"of"each"pattern.""The"average"daily"PNA"

values" for" each" synoptic" type" are" given" in" Fig." 3.4d." " The" inherent" topological"

ordering" of" the" SOM" array" is" evident" by" the" arrangement" of" PNA" values," where"

predominantly" positive" values" occupy" the" right" portion" of" the" SOM" array" and"

negative"values"along"the"left"portion.""These"patterns"are"also"evident"in"Fig."3.3."""

Synoptic"Types"1"and"2"are"indicative"of"a"strong"ridge"resulting"in"northerly"

meridional" flow" directing" cold" arctic" air" over" the" western" provinces" (Fig." 3.3).""

Types" depicting" more" zonal" flow" (e.g." Types" 4" and" 7)" lack" the" midStropospheric"

vorticity"changes"that"result"in"vertical"motion"in"the"midS"to"lowerSatmosphere"and"

associated"high"or"low"pressure"systems""(Holton"1979).""Types"on"the"right"half"of"

the"SOM"array"indicate"various"strengths"and"positions"of"a"highSpressure"ridge"over"

western"North"America.""This"ridge"effectively"blocks"the"intrusion"of"cold"Arctic"air"

into"the"region"(Bonsal"et"al."2001)."

"

3.3.2+Surface+Climate+Analysis+

The"spatial"distribution"of"precipitation"anomalies"(expressed"as"percentage"

of" normal)" associated" with" each" synoptic" type" demonstrates" clear" patterns" of"

high/low" precipitation" (Fig." 3.5)." " Results" indicate" that" Type" 1" produced" a" strong"
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northSsouth"gradient"of"precipitation"between"the"Liard"and"Saskatchewan"Basins.""

Types" 2" and" 5" also" reveal" belowSaverage" precipitation" in" the" Liard" Basin"

accompanied" by" aboveSaverage" precipitation" in" the" Saskatchewan" Basin." " This"

suggests"the"strength"of"the"precipitation"gradient"is"a"function"of"the"strength"and"

position" of" a" highSpressure" ridge" over" the" Pacific" Ocean" (Fig." 3.3)." " Opposite"

precipitation"gradients"were"found"in"Types"10"and"11,"which"are"characterized"by"a"

developing"ridge"of"highSpressure"over"the"western"edge"of" the"continent." "A"wellS

developed"ridge"(Types"13S16)"effectively"blocked"moisture"transport"to"the"region,"

resulting"in"belowSaverage"precipitation,"while"zonal"flow"(Types"3"and"4)"generates"

aboveSaverage"precipitation"to"the"study"region.""""""

Negative" air" temperature" anomaly" patterns" associated" with" northerly"

meridional"flow"over"the"study"region"(Types"1S3"and"5S6)"were"the"result"of"cold"air"

advection" from" the" Arctic" (Fig." 3.6)." " Conversely," patterns" of" aboveSaverage" air"

temperatures"are"generated"by"a" ridge"axis" immediately"above"and" to" the"west"of"

the"study"region"(Types"10S16).""Several"gradient"patterns"are"also"evident,"such"as"

Type" 1," with" a" greater"magnitude" of" belowSaverage" air" temperature" in" the" south"

compared"with"the"north.""Weak"gradients"of"the"opposite"sign"were"found"in"Types"

8"and"9,"where"Type"8" is" characterized"by"zonal" flow"and"a"weak" trough"over" the"

North"Pacific"Ocean"and"Type"9" is"a"strong"ridge"of"highSpressure"over" the"oceanS

continent"boundary."

Below" average" air" temperatures" accompanied" by" aboveSaverage"

precipitation" have" the" potential" to" extend" the" snow" accumulation" season,"

particularly" if" the" frequency" of" these" types" is" high" during" the" onset" of" the"
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accumulation" season" (Nov)" and" spring" freshet" (MarSApr)." " Conversely," a" high"

frequency" of" belowSaverage" precipitation" and" aboveSaverage" temperatures" can"

shorten"the"snow"accumulation"season"by"delaying"the"onset"of"snow"accumulation,"

increasing" the" potential" for" midSwinter" melt" or" rain" on" snow" events," and/or"

initiating" an" early" spring" freshet." " To" aid" in" the" corroboration" of" the" cumulative"

effects" of" synoptic" type" frequency" on" longSterm"winter" snowpack," seasonal"water"

availability" is" determined" using" the" SPEI." " Although" SPEI" was" developed" as" a"

drought" index," in" this" context" it" is"used" to" identify" regions"of"high/low"snowpack.""""

SPEI"data"is"classified"into"9"types"using"SOM"(Fig."3.7)"to"identify"dry,"wet,"average,"

and" gradient" types." " The" average" synoptic" type" frequency" for" each"winter" season"

corresponding"to"the"wet,"dry,"and"gradient"SPEI"types"are"calculated,"and"departure"

from"mean"overall"frequency"determined"(Fig."3.8)."

SPEI"Types"1,"4"and"7"are"characterized"by"uniform"dry"conditions"across"the"

study" region" (Fig." 3.7)," and" are" associated" with" a" higher" frequency" of" a" highS

pressure" ridge"over" the"western" continent" (Synoptic"Types"12S16;"Fig." 3.3)," and"a"

lower"frequency"of"a"ridge"over"the"Pacific"Ocean"or"zonal"flow"(Synoptic"Types"1S4).""

Conversely,"SPEI"Types"3"and"6"demonstrate"wet"conditions" throughout" the"study"

region," and" are" associated" with" the" opposite" synoptic" type" frequencies." " Of"

particular"interest"are"those"SPEI"types"depicting"a"northSsouth"gradient.""Dry"north"

and"wet"south"conditions"are"apparent"in"SPEI"Type"2,"resulting"from"an"increased"

frequency" of" zonal" flow" (Synoptic" Types" 3" and" 4)" and" decreased" frequency" of"

ridging"over"western"North"America"(Synoptic"Types"9,"10,"and"12)." "The"opposite"

gradient," wet" northSdry" south" is" found" in" Types" 8" and" 9." " However," the" synoptic"
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regime" associated"with" these" suggests" different"mechanisms" through"which" these"

conditions"were" created." " In" the" case" of" SPEI" Type" 9," the" boundary" between"wet"

northSdry"south"lies"at"the"AthabascaSNorth"Saskatchewan"watershed"boundary"and"

is"the"product"of"relatively"average"synoptic"type"frequencies"(Fig."3.8),"with"slightly"

increased" (decreased)" strong" Pacific" Ocean" (western" continental)" ridging,"

suggesting"additional"factors"such"as"atmospheric"moisture"transport"dynamics.""In"

general," these" results" are" consistent" with" above/below" average" temperature" and"

precipitation" patterns" produced" by" each" synoptic" type" and" reveal" that" the"

predominance"of"certain"synoptic"types"during"individual"winters"have"a"significant"

impact" on" the" snow"pack" available" for" spring" freshet" runoff" in" various" regions" of"

western"Canada."

"""

3.3.3+Synoptic+Type+Frequency+Trends+

Changes"in"synoptic"type"frequency"from"1950"to"2011"were"evaluated"using"

the"MannSKendall"(MSK)"nonSparametric"test"for"trend"(Mann"1945;"Kendall"1975).""

Types" 2," 3," 4," and" 8" have" significantly" decreased" and" Types" 9," 13," and" 14" have"

significantly" increased" over" the" study" period" (sig." 10%;" Fig." 3.9)." " Consequently,"

there" has" been" a" decrease" in" both"weak" ridging" over" the" Pacific" Ocean" and" zonal"

flow," and" an" increase" in" strong" ridging" over" the"western" continent." " These" trends"

suggest"decreased"precipitation,"particularly"for"the"Saskatchewan"River"Basin,"and"

increased"temperatures,"especially"for"the"Liard,"Peace,"and"Athabasca"River"Basins.""

Furthermore," when" compared" with" results" from" SPEI" analysis," synoptic" trends"

suggested" an" increased" frequency" of" dry" surface" conditions," and" thus" a" low"
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snowpack," for" the" entire" study" region," with" the" greatest" impacts" in" the" southern"

basins.""""

"

3.3.4+Teleconnections++

The"SOI,"PDO"and"AO"threeSmonth"mean"values"were"ranked"from"lowest"to"

highest,"and"the"top"and"bottom"third"for"each"index"were"then"selected"to"represent"

positive" and" negative" phases." " The" synoptic" type" frequency" distributions" for" each"

positiveSnegative" pair"were" then" compared" using" the" two" sample" nonSparametric"

KolmogorovSSmirnov"(KSS)"test,"evaluated"at"the"10%"significance"level."""

SOI"analyses"reveal"a"significantly"higher"(lower)"frequency"of"Types"1S4"and"

lower"(higher)"frequency"of"Types"12,"15"and"16"during"positive"(negative)"phases"

of"SOI" (Fig."3.10a)." "Consequently,"positive"SOI" is"characterized"by"a"ridge"of"highS

pressure"over" the"Pacific"Ocean"coupled"with"a" lowSpressure" trough"over"western"

Canada" (Types" 1" and" 2)" or" zonal" flow" across" the" study" region" (Types" 3" and" 4).""

Comparison"with" the" PNA"map" (Fig." 3.4d)" shows" these" types" have" generally" high"

negative"PNA"values." " Conversely," negative"SOI" is" represented"by"a" ridge"over" the"

western" continent" coupled"with"a" lowSpressure" trough"over"Alaska"and" the"North"

Pacific"Ocean"(Types"12,"15,"and"16),"and"have"generally"high"positive"PNA"values.""

Therefore," positive" (negative)" SOI" is" associated" with" synoptic" types" that" produce"

cool"(warm),"wet"(dry)"conditions"in"the"study"region.""

PDO"results" signified"a" relationship"similar" to" that"of"SOI,"but"with"positive"

and"negative"index"positions"interchanged"(Fig."3.10b).""During"positive"PDO"phases"

there" is" a" significantly" increased" frequency" of" a" highSpressure" ridge" over" the"
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western" continent" (Types"12"and"14S16),"while"negative"PDO" is" associated"with" a"

higher"frequency"of"a"highSpressure"ridge"over"the"Pacific"Ocean"and"lowSpressure"

trough" over" the" continent" (Types" 1" and" 2)" and" zonal" flow" (Types" 3" and" 4)." " This"

suggests" a" relationship" between" positive" (negative)" PDO" and" positive" (negative)"

PNA"(Fig."3.4d).""There"was"a"shift"from"predominantly"negative"to"positive"PDO"in"

the"midS1970s"(Mantua"et"al."1997).""As"shown"in"Fig."3.9,"Types"2,"3,"and"4"occurred"

with" a" greater" frequency" prior" to" this" shift," and" Type" 14" occurred"with" a" greater"

frequency" after" the" shift." " Therefore," an" interactive" effect" between" the"PDO"phase"

and"several"of" the" timeSseries" trends" is"apparent." "However," the"PDO" is"correlated"

with"Type"1"(r"="S0.45,"sig."1%),"Type"15"(r"="0.54,"sig."1%),"and"Type"16"(r"="0.46,"

sig."1%),"none"of"which"were"determined"to"have"a"significant"temporal"trend."

To" further"evaluate" the" constructive" relationship"between"outSofSphase"SOI"

and" PDO," a" subset" of"winters" classified" as" both" negative" SOI" and" positive" PDO" (8"

records),"and"winters"classified"as"both"positive"SOI"and"negative"PDO"(13"records)"

were" identified" and" frequency" of" synoptic" types" compared" (Fig." 3.10c)." " The" KSS"

analysis"reveals"that"Types"1S4"and"7"occur"with"a"significantly"increased"frequency"

during" positive" SOISnegative" PDO," and" Types" 14S16" occur" with" a" significantly"

increased" frequency" during" negative" SOISpositive" PDO." " The" largest" difference" in"

frequency" is" found" in" Type" 16," where" the" average" frequency" ranged" from" 5%" to"

16%," demonstrating" a" strong" constructive" relationship" between" SOI" and" PDO,"

particularly"affecting"the"strength"of"the"persistent"lowSpressure"trough"over"Alaska"

and"the"North"Pacific"and"highSpressure"ridge"over"the"western"continent."""""""""""""""""



" 73"

One" of" the" most" striking" examples" of" synoptic" type" frequency" anomalies"

during"negative"phases"of"SOI"and"positive"PDO"occurred"during"the"two"strongest"

El"Niño"event"years,"1983"and"1998." "During"the"winter"of"1982S83"Type"16"has"a"

frequency"of"34%," including"a" long"persistent"stretch"of"20"days,"while"during" the"

winter" of" 1997S98" the" frequency" is" 23%." " In" contrast," the" winter" of" 2010S11" is"

classed" as" a" La" Niña" event" and" the" frequency" of" Type" 16" is" 3%," while" the" study"

period"average"frequency"is"9%.""This"suggests"that"the"frequency"and"persistence"of"

a"wellSdeveloped"trough"of"lowSpressure"over"the"North"Pacific"is"influenced"by"the"

strength" ENSO." " The" correlation" between" DecSFeb" SOI" values" and" corresponding"

NovSApr"frequency"of"Type"16"is"S0.59"(sig."1%).""

Results"of"KSS"analyses"between"synoptic"type"frequency"and"the"AO"indicate"

an"increased"frequency"of"types"with"a" lower"(higher)"gph"at"high"latitudes"during"

positive"(negative)"phases"of"AO"(Fig."3.10d)." "Of" these" frequency"differences,"only"

Types"4"and"14"are"found"to"have"statistically"significant"differences"in"distribution"

(sig." 10%)." " Type" 4" occurred" with" an" increased" frequency" and" Type" 14" with" a"

decreased" frequency" during" positive" AO," with" the" opposite" conditions" during"

negative"AO." "Type"4" is"characterized"by"zonal" flow"across"the"southern"portion"of"

the"synoptic"map,"a"developing"trough"of"lowSpressure"over"the"Gulf"of"Alaska,"and"

closely" spaced"gph" contours" in" the"midSlatitudes." "Type"14"depicts" a" ridge"of"high"

pressure" over" the"western" continent," with" the" ridge" axis" following" a" line" directly"

above"provincial"and"territorial"boundaries"to"the"Beaufort"Sea,"and"a"lowSpressure"

trough"to"the"west"of"the"ridge."

"
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3.4+Conclusions+
"

This" study" identifies" the" dominant" midStropospheric" winter" (NovSApr)"

circulation"patterns"that"control"surface"temperature"and"precipitation"anomalies"in"

the" headwaters" of" two" major" river" basins" in" western" Canada," and" evaluates" the"

characteristics" of" those" patterns" including" frequency," trajectory" and" persistence.""

Alpine"snowpack"in"these"headwaters"provide"the"majority"of"annual"streamflow"on"

the" Saskatchewan" and" Mackenzie" Rivers." " Analyses" reveal" that" aboveSaverage"

precipitation"and"belowSaverage"temperature"are"linked"to"a"ridge"of"highSpressure"

over"the"North"Pacific"Ocean"and"trough"of"lowSpressure"over"the"western"continent,"

advecting"cold"Arctic"air"over"the"study"region.""Conversely,"a"ridge"of"highSpressure"

over"the"western"continent"effectively"blocks"the"intrusion"of"cold"Arctic"outbreaks,"

and" produces" aboveSaverage" temperatures" and" belowSaverage" precipitation.""

Additionally," the" position" of" the" ridge" influences" northSsouth" precipitation" and"

temperature" gradients." " These" findings" are" consistent" with" midStropospheric"

synoptic" climatological" studies" of" snow" accumulation" and" ablation" in" the" Peace"

River"Basin"(Romolo"et"al."2006a,"2006b).""""

Trend" results" show" an" increasing" trend" in" ridging" over" the" western"

continent," generating" anomalously" high" air" temperatures" and" low" precipitation.""

Trend" analysis" also" indicates" a" corresponding" decrease" in" weak" ridging" over" the"

Pacific"Ocean"and"zonal"flow"across"the"continent"and,"consequently,"belowSaverage"

air" temperatures" and" aboveSaverage" precipitation." " Consequently," there" is" a"

tendency" toward" reduced" snowpack" and" a" shorter" snow" accumulation" season"

affecting"all"river"basins"in"the"study"region,"particularly"in"the"Saskatchewan"River"
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Basin." " Similar" winter" spatial" and" temporal" air" temperature," precipitation," snowS

accumulation,"and"snowmelt"trends"were"found"by"Linton"et"al."(2014).""

Statistically"significant"synoptic"type"frequency"differences"exist"for"the"SOI,"

PDO,"and"AO,"with" the"strongest" responses" found"with" the"combined"outSofSphase"

SOI"and"PDO"indices.""Negative"SOI"and"positive"PDO"are"associated"with"a"trough"of"

lowSpressure" over"Alaska" and" the"North" Pacific" along"with" a"weak" ridge" over" the"

western" continent," while" positive" SOI" and" negative" PDO" are" related" to" a" ridge" of"

highSpressure"over"the"Pacific"Ocean"and"trough"of"lowSpressure"over"the"continent.""

Atmospheric" responses" to" SOI" and" PDO" can" also" be" interpreted" as" changes" in"

dominant"PNAStype"patterns,"similar"to"findings"by"Yu"et"al."(2007)"and"Johnson"and"

Feldstein" (2010)." " These" results" are" consistent" with" circulation" composites" of" El"

Niño" and" La"Niña" episodes" by" Shabbar" and"Khandekar" (1996)" and" Shabbar" et" al."

(1997)," the"outSofSphase"SOI"and"PDO"composites" created"by"Bonsal" et" al." (2001),"

and" composites" of" positive" PDO" by" Mantua" et" al." (1997)" and" Mantua" and" Hare"

(2002).""""""""

The"AO"analyses"reveal"only"two"synoptic"types"with"a"significantly"different"

distribution,"suggesting" limited" influence"over" the"study"region." "This" is"consistent"

with"Deser" (2000)"who"demonstrated" that"AO" exerts" a" greater" influence" over" the"

midSlatitude" region" of" the" Atlantic" and" a" weaker" influence" over" the" midSlatitude"

region"of"the"Pacific.""Positive"AO"is"associated"with"low"gph"over"the"highSlatitudes,"

and" negative" AO"with" high" gph" over" same" region," results" that" are" comparable" to"

Cassano"et" al." (2006)"and"Cassano"and"Cassano" (2010);"however,"neither"of" those"

studies"statistically"verified"relationships"between"synoptic"circulation"and"the"AO.""
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The"application"of"statistical"analysis" increases"confidence" in" the"understanding"of"

atmospheric" circulation" and" surface" climate" conditions" produced" by" these"

teleconnections."""""""

This" research"examines"winter"surface"climate"and"controlling"atmospheric"

circulation" patterns" as" part" of" a" broader" project" evaluating" water" resource"

distribution"in"two"major"watersheds"in"western"Canada.""Additionally,"statistically"

based"analyses" combine" synoptic" climatology"with" frequency"mapping"of"negative"

and" positive" phases" of" SOI," PDO," and" AO" to" determine" the" influence" of"

teleconnections" on" dominant" circulation" patterns." " Research" findings" provide"

fundamental" knowledge" of" the" atmospheric" drivers" of" water" availability" and"

contribute" to" our" understanding" of" the" spatial" and" temporal" variation" in" water"

resource" distribution" in" western" Canada." " Future" research" should" include" a"

synopticSbased" approach" to" examine" extreme" events," including" severe" and"multiS

year" droughts," and" high" precipitation" and/or" highSintensity" snowmeltSinduced"

flooding.""""
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"

"
"

Figure"3.1:"Rivers"originating"on"the"leeward"slopes"of"the"Rocky"Mountains.""The"
Liard,"Peace,"and"Athabasca"Rivers"are"tributaries"to"the"northSflowing"Mackenzie"
River,"and"the"North"and"South"Saskatchewan"Rivers"are"tributaries"to"the"eastS

flowing"Saskatchewan"River."
"



" 85"

"
"

Figure"3.2:"Hypsometric"profile"of"the"Liard,"Peace,"Athabasca,"North"Saskatchewan,"
and"South"Saskatchewan"Rivers.
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#

#
Figure#3.3:#Daily#w

inter#(N
ov8Apr)#geopotential#heights#at#500hPa#for#195082011#classified#using#Self8Organizing#M

aps#(SOM
).#
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#

#
#

Figure#3.4:#Synoptic#type#a)#frequency#(%)#calculated#as#the#percentage#of#total#
occurrences#of#each#synoptic#type#over#the#study#period,#b)#trajectory,#where#the#
length#of#each#arrow#is#proportional#to#the#percentage#of#shifts#to#neighbouring#
types,#c)#persistence#(%),#calculated#as#the#percentage#of#occurrences#were#the#

pattern#remains#the#same#on#the#following#day,#and#d)#average#PNA#value#during#the#
study#period#(1950L2011).#
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#
Figure#3.5:#Precipitation#associated#with#each#synoptic#type,#calculated#as#the#

percentage#of#precipitation#delivered#to#each#grid#point#relative#to#the#1950L2010#
mean#values#at#each#grid.#
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#
Figure#3.6:#Temperature#anomalies#associated#with#each#synoptic#type,#relative#to#

the#1950L2010#mean#values#at#each#grid.#
#
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#
Figure#3.7:#Winter#Standardized#PrecipitationLEvapotranspiration#Index#(SPEI),#

classified#into#dominant#patterns#using#SOM.#
#
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#
Figure#3.8:#Synoptic#type#frequency#anomalies#associated#with#each#SPEI#pattern#

identified#in#Fig.#3.7.#
#
#
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#

#
Figure#3.9:#Synoptic#type#trends,#evaluated#using#the#non;param

etric#M
ann;Kendall#test.##Only#trends#significant#at#10%

#are#
shown,#with#percent#increase/decrease#over#the#study#period#(1950;2011),#including#decreasing#trends#a)#Type#2#(;33%

),#b)#
Type#3#(;33%

),#c)#Type#4#(;42%
),#d)#Type#8#(;30%

),#and#increasing#trends#e)#Type#9#(150%
),#f)#Type#13#(90%

),#and#g)#Type#14#
(59%

).
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#

#
Figure#3.10:#Synoptic#type#frequency#distribution#differences#for#a)#positive#and#negative#SOI,#b)#positive#and#negative#PDO,#c)#

negative#SOI#and#positive#PDO,#and#positive#SOI#and#negative#PDO,#and#d)#positive#and#negative#AO
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#

Chapter(4:( Evaluating(the(distribution(of(water(resources(in(
western(Canada(using(synoptic(climatology(and(selected(

teleconnections.(Part(2:(Summer(season(
#

Abstract(

#
Minor#changes#to#seasonal#air#temperature#and#precipitation#can#have#a#substantial#

impact# on# the# availability# of#water# resources#within# large#watersheds.# # Two# such#

watersheds,# the# north=flowing# Mackenzie# and# east=flowing# Saskatchewan# Basins#

have#been# identified#as#highly#vulnerable# to#such#changes,#and,# therefore,# selected#

for# study# as# part# of# the# Climatic# Redistribution# of# western# Canadian# Water#

Resources# (CROCWR)# project.# # CROCWR# aims# to# evaluate# spatial# and# temporal#

changes# to# water# resource# distribution# through# the# analysis# of# a# suite# of#

hydroclimatic#and#streamflow#variables.##As#part#of#this#analysis,#dominant#summer#

(May=Oct)# circulation# patterns# at# 500=hPa# for# 1950=2011# are# identified# using# the#

method# of# self=organizing#maps# (SOM).# # Surface# climate# variables# associated#with#

these# patterns# are# then# identified,# including# both# daily# air# temperature# and#

precipitation,# and# seasonal# Standardized# Precipitation=Evapotranspiration# Index#

(SPEI)# values.# # Relationships# between# dominant# circulation# patterns# and# the#

Southern# Oscillation# Index# (SOI)# and# Pacific# Decadal# Oscillation# (PDO)# are# then#

statistically#evaluated.##Results#indicate#that#mid=summer#(Jul=Aug)#is#dominated#by#

a#split=flow#blocking#pattern,# resulting# in#cool# (warm),#wet# (dry)#conditions# in# the#

southern# (northern)# portion# of# the# study# area.# # By# contrast,# the# shoulder# season#

(May# and# Oct)# is# dominated# by# a# trough# of# low=pressure# over# the# North# Pacific#
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Ocean.##The#frequency#of#weak#split=flow#blocking#is#higher#during#positive#SOI#and#

negative# PDO,# while# ridging# over# the# western# continent# is# more# frequent# during#

negative#SOI#and#positive#PDO.##Results#from#this#analysis#increase#our#knowledge#of#

processes# controlling# the# distribution# of# summer# water# resources# in# western#

Canada.######

#

4.1(Introduction(
#

Changes# to# the# global# climate# have# been# widespread# and# heterogeneous,#

including#an#amplification#of#warming#over#the#high=latitudes#compared#with#mid=#

and#lower=latitudes#(Zhang#et#al.#2000;#Serreze#et#al.#2009;#Serreze#and#Barry#2011).##

Two#profound#consequences#of# climate#change#have#been#an#enhanced#hydrologic#

cycle# (Huntingdon# 2006;# Déry# et# al.# 2009)# and# increased# atmospheric# moisture#

transport# (Zhang# et# al.# 2013),#which#may# impact# the# frequency# and#magnitude# of#

extreme#weather#phenomena,#such#as#drought#and#high=intensity#precipitation.# #Of#

particular#concern#are#the#regional#hydroclimatic# impacts#that#result# in# large=scale#

changes# across# the# boundaries# of# large#watersheds,# leading# to# a# redistribution# of#

water#resources.###

The# highly# varied# geography# of# western# Canada# gives# rise# to# a# number# of#

hydroclimatic# regions,# and# the# rivers#within# these# regions#discharge# to# the#Pacific#

Ocean,# Arctic#Ocean,# and#Hudson#Bay.# # Concern# over# terrestrial#water# availability#

and#changing#flow#regimes#has#created#the#need#for#a#broad=scale#analysis#of#a#suite#

of# hydroclimatic# and# streamflow# variables# in# western# Canada# to# evaluate# the#

Climatic#Redistribution#of#western#Canadian#Water#Resources#(CROCWR;#Prowse#et#
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al.# 2013).# # The# CROCWR# project# aims# to# synthesize# multi=variable# analyses# to#

determine# locations# of# water# resource# redistribution# and# the# climatic# drivers#

behind#these#trends#(see#also#Bawden#et#al.#2014#and#Linton#et#al.#2014).##

The# headwaters# of# two# major# river# systems# in# western# Canada,# the#

Mackenzie#and#Saskatchewan#Rivers#(Fig.#4.1),#are#located#on#the#leeward#slopes#of#

the#Rocky#Mountains.# #The#primary#tributaries#to#the#Mackenzie#River#–#the#Liard,#

Peace,# and#Athabasca# Rivers,# contribute# the#majority# of# annual# streamflow# of# the#

Mackenzie# River,# and# form# a# mid=latitude# pathway# to# the# Arctic# Ocean.# # The#

tributaries# to# the# Saskatchewan#River,# the#North# and# South# Saskatchewan#Rivers,#

converge#north#of#Saskatoon#and#ultimately#drain# into# the#Hudson#Bay.# #Northern#

rivers# flow# through#boreal# and# taiga#plains#before# converging#with# the#Mackenzie#

River,# and# the# southern# rivers# flow# through# a# semi=arid# and# relatively# flat# prairie#

region#(Fig.#4.2).###

Water# resources# during# the# summer# season# are# essential# for# natural# and#

human# processes# including# aquatic# and# terrestrial# ecosystems# (Schindler# and#

Donahue#2006;#Stewart#et#al.#2011),#agricultural#production#(Martz#et#al.#2007),#and#

hydroelectricity# generation# (Pentney# and#Ohrn# 2008).# # Furthermore,# a# number# of#

marine# processes# are# dependent# on# density=based# stratification# resulting# from#

freshwater# inputs# from# the# Mackenzie# River# to# the# Arctic# Ocean,# including#

circulation# pathways# (Arnell# 2005),# sea# ice# formation# (Lammers# et# al.# 2001),# and#

feedbacks#to#the#global#climate#(Lewis#et#al.#2000).###

Summer#water#resource#availability#is#a#function#of#basin=wide#precipitation,#

evapotranspiration,# and# in# some# cases# contributions# from# glacier# melt# and/or#
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controlled#release#of#water#from#reservoirs#at#hydroelectricity#generation#facilities.##

The#region#east#of#the#Rocky#Mountains,#especially#the#southern#prairies,#is#prone#to#

considerable#interannual#hydroclimatic#variability,# including#periods#of#excessively#

dry#or#wet#conditions#(Shabbar#et#al.#2011).##Of#particular#concern#are#increases#in#

evapotranspiration,# a# function# of# temperature,# which# can# exacerbate# drought#

conditions#(Bonsal#et#al.#2011)#and#affect#precipitation#recycling#(Raddatz#2005).####

Droughts#have#agricultural#and#economic#consequences#(Stewart#et#al.#2011)#

as#well#as#affecting# terrestrial#and#aquatic#health#(Schindler#and#Donahue#2006)#–#

the# effects# of# severe# or# multi=year# droughts# being# particularly# devastating#

(Chipanshi# et# al.# 2006;# Wheaton# et# al.# 2008).# # The# frequency# of# droughts# in# the#

southern#prairies# is#greater#than#other#regions#in#Canada#(Bonsal#et#al.#2012),#and#

typically#coincides#with#peak#water#demand.##Summer#months#are#often#the#lowest#

flow# on# the# natural# hydrograph,# but# the# presence# of# hydroelectric# dams# and#

reservoirs# have# altered#natural# flow# regimes,# particularly# on# the#Peace# and# South#

Saskatchewan#Rivers# (Peters# and#Prowse#2001;#Pentney#and#Ohrn#2008).# #During#

times# of# drought,# water# resources# may# be# insufficient# to# meet# hydroelectricity#

production#(Roberts#et#al.#2006)#and#agricultural#irrigation#demands#(Wheaton#et#al.#

2008).# # Therefore,# there# is# a# need# to# better# understand# atmospheric# and#

hydroclimatic#conditions#that#lead#to#droughts.##

Several# studies# have# evaluated# temporal# trends# in# summer# climate# and#

streamflow# in# western# Canada.# # These# studies# have# primarily# focused# on# broad#

coarse=resolution#changes#or,# in# the#case#of# streamflow,#discrete#regional#changes.##

For# example,# Zhang# et# al.# (2000)# detected# temperature# increases# during# summer#



# 98#

(Jun=Aug),#but#found#decreases#for#autumn#(Sep=Nov),# from#1950=1998.# #They#also#

identified# summer# precipitation# decreases# in# the# southern# prairies# and#

northwestern# Northwest# Territories,# but# increases# elsewhere# in# western# Canada,#

while# increased#precipitation#trends#were#observed#across#western#Canada#during#

autumn.##In#a#similar#study,#but#using#data#at#a#much#finer#scale,#Linton#et#al.#(2014)#

found# statistically# significant# summer# (May=Oct)# increases# (1950=2010)# in#

minimum#daily# temperature#across#western#Canada,#where# increases# in#maximum#

daily# temperature# were# found# primarily# in# northern# Canada.# # Additionally,# they#

found# decreasing# summer# precipitation# in# the# Lower# Athabasca# River# basin,# and#

increasing# precipitation# in# the# Liard# River# basin# and# portions# of# the# Peace# River#

basin.# # One# advantage# of# fine=resolution# scale# analysis# is# the# ability# to# evaluate#

climatic#changes#within#and#across#watershed#boundaries.#

Summer#river#discharge#has#generally#decreased# in#western#Canada#(Zhang#

et# al.# 2001).# # However,# hydrologic# responses# to# climate# change# have# not# been#

homogeneous.##For#example,#both#decreasing#and#increasing#streamflow#trends#have#

been#detected# for#various#hydrometric#gauging#stations#within#the#Mackenzie#(Yip#

et# al.# 2012,#Bawden#et# al.# 2014),# Liard# (Burn#et# al.# 2004a),#Athabasca# (Burn#et# al.#

2004a,# 2004b;#Rood#et# al.# 2008),# and#Saskatchewan# (Westmacott# and#Burn#1997;#

Rood#et#al.#2008;#Bawden#et#al.#2014)#basins.##Many#of#the#trends#during#late#spring#

and# early# summer# can# be# partially# attributed# to# a# trend# toward# an# earlier# spring#

freshet#(Zhang#et#al.#2001;#Burn#et#al.#2004a;#Rood#et#al.#2008;#Burn#2008;#Yip#et#al.#

2012;#Bawden#et#al.#2014).#
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Mid=tropospheric#circulation#and#atmospheric#moisture#transport#pathways#

largely# control# surface# climate,# including# precipitation# and# air# temperature.##

Specifically,# mid=tropospheric# ridges# and# troughs# dictate# the# location# and#

movement#of#cold#and#warm#fronts#(Holton#1979).##The#interaction#between#airflow#

and# the# Rocky# Mountains# results# in# orographic# precipitation# on# the# windward#

slopes#and#the#descent#of#warm#dry#air#down#the#leeward#slopes.##Lee#cyclogenesis#

is# common# in# the# region# east# of# the# Rocky# Mountains# (Martin# 2006),# a# feature#

important# for# the# efficient# generation# of# precipitation# (Lackmann# and# Gyakum#

1996;#Spence#and#Rausch#2005).###

During# summer# months,# the# Mackenzie# and# Saskatchewan# River# Basins#

receive#moisture# from# the#Pacific# and#Arctic#Oceans,# as#well# as# the#Gulf#of#Mexico#

and#Gulf#of#California.##The#primary#source#of#summer#moisture#over#the#Mackenzie#

River# Basin# is# the# Arctic# Ocean,# produced# by# a# dominant# split=flow# blocking# high#

(Smirnov# and# Moore# 2001).# # However,# high=intensity# precipitation# events# in# the#

Mackenzie#and#Saskatchewan#River#Basins#have#been# traced# to# the#Gulf#of#Mexico#

and#Gulf#of#California#(Liu#and#Stewart#2003;#Liu#et#al.#2004;#Brimelow#and#Reuter#

2005).# # An# additional# source# of# moisture# available# for# precipitation# results# from#

local# evapotranspiration# and# convection,# which# can# be# precipitated# locally# or#

transported#outside#of#the#basin.##For#example,#the#Saskatchewan#River#Basin#acts#as#

a#source#region# for#summer#convective#precipitation# in# the#Mackenzie#River#Basin#

(Liu#and#Stewart#2003).##The#Mackenzie#River#Basin#has#a#generally#high#proportion#

of#precipitation#recycling#(Szeto#2002)#compared#with# the#southern#prairie#region#
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(Raddatz# 2000),# and# the# relatively# low# soil# moisture# during# drought# conditions#

adversely#affects#the#frequency#of#convective#precipitation#(Raddatz#2005).###

Previous#studies#of#synoptic=scale#mid=tropospheric#circulation#and#summer#

surface#climate#have#determined# that#above=average#precipitation#over# the#Prairie#

Provinces#was#linked#to#zonal#flow#and#below=average#precipitation#was#linked#to#a#

high=pressure#ridge#centred#over#the#region#(Knox#and#Lawford#1990;#Bonsal#et#al.#

1999;#Shabbar#et#al.#2011).##The#frequency#of#high=pressure#ridging#over#the#prairies#

has#also#been#positively#related#to#the# frequency#of#drought#conditions,#due#to#the#

blocking# of# moisture# transport# from# the# Gulf# of# Mexico# (Shabbar# et# al.# 2011).##

Furthermore,# the# efficiency#of#precipitation#over# the#Mackenzie#River#Basin# is# the#

product# of# high# sea# level# pressure# (SLP)# over# the# North# Pacific# Ocean# and# the#

movement# of# a# low=pressure# system# from# the# Gulf# of# Alaska# over# the#Mackenzie#

River# Basin# (Spence# and# Rausch# 2005;# Finnis# et# al.# 2009;# Cassano# and# Cassano#

2010).#######

A# significant# portion# of# the# interannual# variability# of# surface# climate# in#

western# Canada# results# from# positive# and# negative# phases# of# large=scale#

teleconnections.##Negative#(positive)#phases#of#El#Niño=Southern#Oscillation#(ENSO)#

and# positive# (negative)# phases# of# the# Pacific# Decadal# Oscillation# (PDO)# were#

associated#with#anomalously#dry#(wet)#conditions#(Shabbar#et#al.#1997;#Bonsal#and#

Lawford# 1999;# Bonsal# and# Wheaton# 2005;# Shabbar# 2006),# and# above# (below)#

average# temperatures# (Shabbar# and# Khandekar# 1996;# Shabbar# 2006)# in# western#

Canada.##Sea#surface#temperature#(SST)#anomalies#similar#to#those#associated#with#a#

positive# PDO# have# been# linked# to# summer# dry# spells# in# southern# Alberta,#
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Saskatchewan,# and# Manitoba# (Bonsal# et# al.# 1993).# # However,# the# ENSO# and# PDO#

signals#are#stronger#during#winter#months#(Shabbar#and#Khandekar#1996;#Fleming#

and#Whitfield#2010).##In#the#case#of#streamflow,#positive#(negative)#phases#of#ENSO#

have# resulted# in# lower# (higher)# than# average# flow# (Gobena# and# Gan# 2006).##

Additionally,# both# ENSO# and# PDO# have# been# significantly# correlated# with#

streamflow#discharge#to#the#Arctic#Ocean#and#western#Hudson#Bay#(Déry#and#Wood#

2005).########

The#objective#of#this#research#is#to#evaluate#water#resource#distribution#using#

a# synoptic# climatological# approach# to# identify# dominant# mid=tropospheric#

circulation#patterns#controlling#surface#climate#variables.##The#spatial#distribution#of#

above/below#average#air# temperature#and#precipitation#associated#with#dominant#

circulation# patterns# are# identified# using# a# high=resolution# daily# gridded# dataset.##

Additionally,# the# synoptic# type# frequency#differences# associated#with# positive# and#

negative# teleconnection# phases# are# statistically# evaluated.# # This# research# is#

performed#in#conjunction#with#a#winter#synoptic#climatological#analysis#(Newton#et#

al.#2014)#focusing#on#snowpack#and#snowmelt,#and#together#they#represent#the#first#

focused# evaluation# of# the# atmospheric# drivers# of# climate# change# across# large#

watershed#boundaries#in#western#Canada.#

#

4.2(Data(and(Methodology(

4.2.1(Synoptic(Classification(

Synoptic# climatology# seeks# to# determine# links# between# atmospheric#

circulation# and# surface# climate# through# classification# of# circulation# patterns# into#
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dominant#types.##Self=Organizing#Maps#(SOM)#is#used#to#classify#summer#(May=Oct)#

synoptic# circulation# patterns# using# daily# geopotential# height# (gph)# data# for# 1950=

2011#obtained#from#NCEP/NCAR#(Kalnay#et#al.#1996).# #SOM#is#an#iterative#training#

process#that#clusters#and#projects#data#onto#a#topologically#ordered#array#(Kohonen#

2001).# # The# batch# SOM# process# presents# data# vectors# to# an# initialized# array,# and#

topological# ordering# is# achieved# through# competitive# and# cooperative# learning# as#

the# best# matching# unit# for# each# data# vector# is# updated,# along# with# neighbouring#

units#based#on#a#Euclidean#distance#function#(Kohonen#2001).##The#procedure#used#

to# classify# synoptic# patterns# using# SOM# follows# the# same# methods# described# in#

Newton#et#al.#(2014).#

#

4.2.2(Surface(Climate((

To# evaluate# the# relationship# between# synoptic# types# and# surface# climate,#

gridded# air# temperature# and# precipitation# datasets# for# 1950=2010,# at# 10=km#

resolution#are#applied.##These#datasets#were#created#using#an#ANUSPLIN#thin=plate#

spline# interpolation# method# compiled# from# measured# climate# station# data#

(McKenney#et#al.#2011).# #The#calculation#of#air# temperature#and#precipitation#data#

associated# with# each# synoptic# type# follows# methods# outlined# in# Newton# et# al.#

(2014).# #Daily#temperature#anomalies#for#each#grid#are#calculated#as#the#departure#

from# the# daily# mean# 1950=2010# value# at# that# grid.# # Precipitation# data# for# each#

synoptic#type#are#calculated#as#the#percentage#of#precipitation#that#occurred#relative#

to#the#mean#(1950=2010)#value#for#each#grid#point,#where#the#mean#value#is#set#to#

0%.#
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Quantifying# seasonal# water# availability,# including# drought# conditions,#

presents# a# challenge# as# a# number# of# physical# processes# contribute# to# moisture#

conditions.# # For# example,# the# Palmer# Drought# Severity# Index# (PDSI)# is# calculated#

using#soil#moisture,#precipitation,#and#air#temperature#data#over#a#fixed#time#period#

(Palmer#1965),#whereas# the#Standardized#Precipitation# Index#(SPI)# is#based#solely#

on#precipitation#deficits# (McKee#et# al.# 1993)#and# fails# to# account# for# the#effects#of#

high# temperatures# on# drought# conditions# by# increasing# potential#

evapotranspiration# (Vicente=Serrano# et# al.# 2010a;# Bonsal# et# al.# 2012).# # Recently,#

Vicente=Serrano# et# al.# (2010a)# developed# the# Standardized# Precipitation=

Evapotranspiration# Index# (SPEI)# that# is# based# on# a# water=balance# equation# and#

thereby# accounts# for# evapotranspiration# (Thornthwaite# and# Mather# 1955).# # In# a#

comparison# of# the# PDSI# and# SPEI,# Vicente=Serrano# et# al.# (2010b)# determined# that#

the#PDSI# poorly# represented#droughts# of# a# short# or# long# time#period,# but# reliably#

represented# intermediate# drought.# # As# short=# and# long=term# droughts# can# have#

severe# ecological# and# hydrological# impacts# (Vicente=Serrano# et# al.# 2010b),# it# is#

important# to# adequately# represent# drought# at# these# scales.# Additionally,# future#

projections#of#drought#conditions#may#be#underreported#if#increases#in#temperature#

are#not#taken#into#account#(Bonsal#et#al.#2011).#

#

4.2.3(Teleconnections(

Teleconnection# indices,# including# the# Southern# Oscillation# Index# (SOI),# the#

PDO,# and# the# Pacific# North# American# (PNA)# pattern,# have# been# selected# for# this#

study,# as# all# have# been# shown# to# influence# surface# climate# in# western# Canada.##
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Monthly# values# of# the# SOI# and# PDO,# obtained# from# the# Climate# Prediction# Centre#

(http://www.cpc.ncep.noaa.gov/)# and# Joint# Institute# for# the# Study# of# the#

Atmosphere# and# Ocean# (http://www.jisao.# washington.edu/pdo/)# respectively,#

were# used# to# calculate# a# three=month# mean# (Jul=Sep)# values# for# dividing# each#

summer#teleconnection#distribution#into#thirds#corresponding#to#positive,#negative,#

and# neutral# conditions.# # Daily# values# of# the# PNA#were# obtained# from# the# Climate#

Prediction#Centre#and#are#then#matched#to#the#corresponding#daily#synoptic#type.#

The#SOI#is#used#to#quantify#ENSO;#negative#phases#of#SOI#(El#Niño)#represent#

low#sea#level#pressure#(SLP)#over#Tahiti#and#high#SLP#over#Darwin,#Australia,#where#

positive#phases#of#SOI#(La#Niña)#represent#the#opposite#SLP#conditions.# #These#SLP#

anomalies#have#been#shown#to#affect#characteristics#of#the#Aleutian#Low#(Horel#and#

Wallace#1981).##The#intensity#of#the#Aleutian#Low#is#also#captured#through#the#PNA#

index#(Wallace#and#Gutzler#1981),#which#represents#above#(below)#average#gph#at#

500=hPa#over#western#North#America#and#below#(above)#average#gph#over#southern#

Alaska# during# positive# (negative)# phases# (Barnston# and# Livezey# 1987).# # Positive#

(negative)# phases# of# the# PDO# represent#warmer# (cooler)# than# average# SST# in# the#

eastern#North# Pacific#Ocean# and# cooler# (warmer)# than# average# SST# in# the# central#

Pacific#Basin,#resulting#in#anomalously#high#(low)#SLP#over#regions#of#high#(low)#SST#

(Mantua#et#al.#1997).#

#

4.3(Results(and(Discussion(
#
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4.3.1(Synoptic(Classification(

Daily# summer# (May=Oct)# gph#were# classified# into# 12# types# on# a# 4x3# array#

(Fig.#4.3)#using# the#SOM#Toolbox# for#Matlab# (http://www.cis.hut.fi/research/som=

research/;#Vesanto#et#al.#2000).##Several#SOM#array#sizes#were#created#and#the#final#

SOM#size#was#subjectively#chosen#based#on#an#evaluation#of#redundancy#versus#the#

loss# of# important# circulation# features.# # Additionally,# the# quality# of# the# SOM# was#

evaluated# by# assessment# of# Topological# and# Quantization# Errors,# which# are#

measures# of# the# strength# of# topological# relationships# between# neighbouring#

patterns#and#average#distance#between#vectors#and#the#best#matching#unit#(Vesanto#

et# al.# 2000;#Kohonen#2001).# # The# correlation# between# summer# SOM# classification#

and# the# corresponding# daily# PNA# index# (r# =# 0.32,# sig.# 1%)# indicates# that# mid=

tropospheric#circulation#is#fairly#well#represented#by#the#SOM#classification.#####

Characteristics# of# the# SOM# array,# including# frequency# (Fig.# 4.4a)# and#

persistence# (Fig.# 4.4b),# were# calculated# for# the# entire# summer# season.# # However,#

synoptic#type#frequency#is#not#consistent#from#May#to#October,#as#demonstrated#by#

the#monthly#frequency#of#dominant#types#(Fig.#4.5).##Type#4,#a#highly#persistent#split=

flow# blocking# pattern,# is# dominant# during# mid=summer# months# (Jul=Aug).##

Conversely,# shoulder# season# months# (May# and# Oct)# are# dominated# by# persistent#

troughs# of# low=pressure# over# the# North# Pacific# Ocean# (Type# 9).# # A# ridge# of# high=

pressure#over#the#study#region#(Types#11#and#12)#is#common#during#early#summer,#

and# zonal# flow# (Types# 1# and# 2)# primarily# occurs# during# late# summer# and# early#

autumn.# # As# the# PNA# pattern# is# far# more# prominent# during# winter# months# than#

summer# (Barnston# and# Livezey# 1987),# most# of# the# summer# PNA# values# are#
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relatively# low.# #Nevertheless,#negative#PNA#values#occupy# the# left# side#of# the#SOM#

array,#while#positive#values#correspond#to#the#right#side#(Fig.#4.6).####

#

4.3.2(Surface(Climate(Analysis(

Gridded# precipitation# departures# from# normal# for# each# synoptic# type# are#

shown# in# Fig.# 4.7.# # Results# reveal# that# of# the# dominant# mid=summer# (Jul=Aug)#

synoptic# types,# Types# 3# and# 4# deliver# above=average# precipitation# to#most# of# the#

study#area,#while#Types#8#and#12#result#in#below=average#precipitation.##Type#9,#the#

dominant#shoulder#season#(May#and#Oct)#synoptic#type,# is#associated#with#close#to#

average#precipitation#in#the#Liard#and#Peace#Basins#and#below=average#precipitation#

in#the#Athabasca#and#Saskatchewan#Basins.##Zonal#flow#during#the#shoulder#season#

(Type#1)#produces#above=average#precipitation#throughout#the#basins,#while#a#ridge#

of#high=pressure#over#the#study#basins#(Types#10#and#11)#is#associated#with#below=

average#precipitation.####

Above=average# air# temperatures# across# the# study# region# (Fig.# 4.8)# are#

generally#associated#with#a#trough#of#low=pressure#over#Alaska#and#the#North#Pacific#

accompanied# by# a# ridge# of# high=pressure# over# the# continent# (Types# 9=12).# # The#

strength# and# position# of# the# high=pressure# ridge# appears# to# be# related# to# the#

magnitude# and# location# of# the# air# temperature# anomalies# in# each# basin.# # For#

example,# Type# 12# is# characterized# by# a# ridge# axis# extending# from# the# southern#

prairies# to# northern# Alaska# with# high# gph# over# the# entire# region# (Fig.# 4.3).##

Corresponding#above=average#air#temperatures#closely#follow#the#ridge,#and#shift#to#

below=average#to#the#right#of#the#ridge#axis#in#the#Saskatchewan#River#Basin.##Types#
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6#and#7#demonstrate#weak#air#temperature#gradient#anomalies;#however,#these#are#

low=frequency#types,#occurring#on#average#6=8#days#during#each#summer#season.###

The#snowmelt#season#in#alpine#headwaters#extends#into#late#spring#and#early#

summer#(May=Jun),#especially#in#northern#basins.##Shoulder#season#types#producing#

below# (above)# average# air# temperatures# can# delay# (enhance)# snowmelt.# # The#

moisture#conditions#during# late#summer#and#early#autumn#(Sep=Oct)# influence#the#

spring# freshet# runoff# ratio# (Spence# and# Rouse# 2002).# # Therefore,# synoptic# types#

associated# with# both# above# (below)# average# precipitation# and# below# (above)#

average# air# temperatures# generate# abundant# (insufficient)# antecedent# moisture#

conditions,#thus#increasing#(decreasing)#spring#freshet#runoff#volume.##For#example,#

a# high# frequency# of# Type# 1# (Type# 10)# during# Sep=Oct# is# expected# to# produce#wet#

(dry)#conditions#during#freeze=up.##########

Negative# precipitation# anomalies# are# indicative# of# low# water# availability#

during#times#of#high#demand,#and#high#temperatures#exacerbate#water#availability#

deficits# through# increased# evapotranspiration# (Bonsal# et# al.# 2011).# # Therefore,# a#

high# frequency# of# high# temperature# anomaly# types# (Types# 9=12)# can# intensify#

drought#conditions.# #To#determine#seasonal#water#availability#and#corroborate# the#

cumulative#effects#of# climatic# conditions#produced# for#each# synoptic# type,# gridded#

six=month#(May=Oct)#values#of#the#SPEI#were#calculated#using#six=month#average#of#

air# temperatures# and# cumulative#precipitation.# # The# resolution#of# the#dataset#was#

then#recalculated#from#10=#to#50=km#grids#to#reduce#the#size#of#the#dataset.##The#61=

year#SPEI#was#classified# into#9# types#using#SOM,# resulting# in# specific#dry,#wet#and#
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gradient#patterns# (Fig.# 4.9).# # Synoptic# type# frequency#distributions#were# averaged#

for#each#SPEI#type,#and#synoptic#type#frequency#anomalies#calculated#(Fig.#4.10).#

Dry# conditions# are# most# common# in# the# Saskatchewan# River# Basin# (SPEI#

Types# 1=4,# 7;# Fig.# 4.9),# although# the# synoptic#mechanisms# that# produced# drought#

conditions# are# not# consistent# for# each# SPEI# type.# # This# supports# the# findings# of#

Bonsal#and#Wheaton#(2005).##Dry#conditions#across#the#study#region#(SPEI#Types#4#

and# 7)# are# associated# with# an# anomalously# low# frequency# of# Synoptic# Type# 9,#

characterized#by#a#trough#of#low#pressure#over#the#North#Pacific#Ocean#that#occurs#

primarily# during# May# and# Oct.# # Dry# (wet)# conditions# in# the# southern# (northern)#

portion# of# the# study# region# (SPEI# Types# 1=3)# are# the# product# of# a# higher# than#

average# occurrence# of# Synoptic# Type# 9# and# lower# than# average# frequency# of#

Synoptic#Type#4,#the#dominant#mid=summer#split=flow#blocking#pattern.##Conversely,#

wet# (dry)# conditions# in# the# northern# (southern)# basins# in# the# study# region# (SPEI#

Types#8#and#9)#are#associated#with#a#higher#frequency#of#zonal#flow#(Synoptic#Type#

2)#and#strong#ridging#over#western#North#America#(Synoptic#Types#11#and#12)#and#a#

slightly#lower#frequency#of#Synoptic#Types#5=10.##It#should#be#noted#that#SPEI#Type#8#

is#the#least#frequent#type,#occurring#only#three#times#during#the#study#period#(1950=

2010).####

#############

4.3.3(Synoptic(Type(Frequency(Trends(

The#Mann=Kendall#(M=K)#non=parametric#test#for#trend#(Mann#1945;#Kendall#

1975)#evaluates#temporal#changes#in#synoptic#type#frequency#over#the#study#period#

(1950=2011).# #Results# indicate#that#Type#4#has#significantly# increased#and#Types#9#
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and#10#have#significantly#decreased#over#the#study#period#(sig.#5%;#Fig.#4.11).##This#

suggests# an# increase# in# the# split=flow# high=pressure# blocking# pattern# over# the#

western# continent# (Type# 4),# and# a# possible# extension# of# mid=summer# conditions.##

Consequently,# a# tendency# toward# increased# (decreased)# precipitation# and#

decreased#(increased)#air#temperature#occurs#in#the#southern#(northern)#portion#of#

the# study# region.# # Results# applicable# to# the# shoulder# season# indicate# a# decreased#

frequency#of#low=pressure#troughing#over#the#North#Pacific#Ocean#(Types#9=10),#and#

associated# decreases# in# low=precipitation/high=temperature# climatic# conditions,#

with# a# greater# impact# in# the# Saskatchewan# basin# compared# with# the# Mackenzie#

headwater# basins.# # These# trends#may# be# linked# to# increased# spring# temperatures#

(Linton#et#al.#2014)#and#earlier#spring#pulse#onset#(Bawden#et#al.#2014).####

#

4.3.4(Teleconnections(

Seasonal#(Jul=Sep)#three=month#mean#values#of#the#SOI#and#PDO#were#ranked#

and# categorized# into# thirds# corresponding# to# positive,# negative,# and# neutral#

conditions.##The#synoptic#type#frequencies#within#these#groups#were#calculated,#then#

the# distributions# between# each# positive=negative# pair# were# statistically# analyzed#

using#the#two#sample#non=parametric#Kolmogorov=Smirnov#(K=S)#test#(sig.#10%).#

Results# indicate#a#generally#poor#separation#between#positive=negative#pair#

frequencies.# #However,#a#number#of#statistically#significant#distributions#are#found.##

For# example,# positive#phases#of# the#SOI# are# associated#with# a#higher# frequency#of#

Type# 3# compared# with# negative# SOI# (Fig.# 4.12a),# which# suggest# cooler,# wetter#

conditions#during#positive#phases#of# the#SOI.# #Negative#phases#of# the#PDO#are#also#
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associated#with# a# higher# frequency# of# Types# 3# and# 9# (Fig.# 4.12b).# # The# frequency#

distribution# of# Type# 9# during# positive# and# negative# phases# of# the# PDO# may# be#

partially#explained#by#the#decreasing#trend#detected#for#this#type.##The#PDO#shifted#

from#a#predominantly#negative#to#positive#phase#during#the#late#1970s#(Mantua#et#

al.# 1997);# therefore,# Type# 9# occurred# with# a# greater# frequency# during# the#

predominantly# negative# PDO# phase,# and# a# lower# frequency# during# the#

predominantly#positive#PDO#phase.###

A#subset#of#seasons#corresponding#to#both#positive#SOI#and#negative#PDO#(12#

records)# and# those# corresponding# to# negative# SOI# and# positive# PDO# (9# records)#

were#identified#to#compare#effects#of#combined#relationships.##Significantly#different#

synoptic# type# frequency# distributions# between# each# coupled# SOI# and# PDO# subset#

were#detected#for#Types#3,#8,#and#9#(Fig.#4.12c).# # In# the#case#of#Types#3#and#9,# the#

distribution# differences# are# enhanced# compared# with# individual# teleconnection#

analyses#(Figs.#4.12a=b).##Type#8#occurs#with#a#significantly#higher#frequency#during#

summers#classed#as#negative#SOI#and#positive#PDO,#signifying#increased#warm,#dry#

conditions#during#these#summers.##Furthermore,#an#increased#frequency#of#Type#8#is#

associated# with# drought# conditions# (Figs.# 4.9),# particularly# in# the# Saskatchewan#

River#Basin.##########

#

4.4(Conclusions(
#

This#research#classifies#daily#summer#(May=Oct)#gph#data#into#12#types#using#

SOM,# and# identifies# surface# climate# conditions# associated# with# those# types# to#

increase# knowledge# of# atmospheric# conditions# influencing# summer# water#
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availability.# # Summer# water# availability# is# a# function# of# precipitation# and#

evapotranspiration;# therefore,# the# multi=scalar# SPEI# drought# index# is# appropriate#

for#defining#the#spatial#distribution#of#wet/dry#conditions.###

Results# indicate# that# dominant# synoptic# circulation# patterns# have# a# well=

defined#temporal#occurrence#between#shoulder#season#and#mid=summer.##Shoulder#

season#zonal# flow#results# in#above=average#precipitation,#while# troughing#over# the#

North# Pacific# results# in# below=average# precipitation.# # The# prevailing#mid=summer#

circulation# pattern,# a# split=flow# blocking# high=pressure# pattern# over# the# western#

continent,#is#associated#with#slightly#below#(above)#average#precipitation#and#above#

(below)# average# temperatures# in# the# northern# (southern)# portion# of# the# study#

region.# # Mid=summer# synoptic# types# exhibiting# a# ridge# of# high=pressure# over# the#

western# continent# are# associated# with# below=average# precipitation# and#

anomalously#high#temperatures# in#the#study#region.# #These# findings#are#consistent#

with# composite# mid=tropospheric# circulation# analyses# corresponding# to# summer#

wet#and#dry#surface#conditions#performed#by#Knox#and#Lawford#(1990),#Bonsal#et#

al.# (1999),# and# Shabbar# et# al.# (2011).# #Additionally,# analyses# of# seasonal# SPEI# and#

corresponding#synoptic#type#frequency#anomalies#corroborate#the#temperature#and#

precipitation#results.####

Synoptic# frequency# trend# analyses# reveal# an# increasing# tendency# for# the#

dominant# mid=summer# split=flow# blocking# pattern,# and# decreasing# trend# in# the#

shoulder#season#trough#of#low=pressure#over#the#North#Pacific#Ocean.##These#results#

imply# an# earlier# shift,# and# extension# of,# mid=summer# climatic# conditions,# and# a#

shortening# of# the# spring# season.# # However,# in=depth# trend# analysis# of# monthly#
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synoptic#circulation#pattern#frequencies#may#provide#further# insight# into#temporal#

changes#to#dominant#shoulder#and#mid=summer#season#synoptic#types.#

The# evaluation# of# summer# teleconnection# indices# reveals# few# significant#

relationships#between#the#SOI#or#PDO#and#patterns#of#mid=tropospheric#circulation.##

This# is# likely#due#to#a#combination#of# factors,#primarily#the#greater#strength#of# the#

teleconnection# signals# in# winter# compared# with# summer# (Barnston# and# Livezey#

1987;#Shabbar#and#Khandekar#1996).##Additionally,#Jul=Sep#was#selected#to#calculate#

a#three=month#mean#value#used#to#classify#positive,#negative,#and#neutral#summers,#

while#several#synoptic#types#occur#primarily#during#May=Jun#and#Oct#and#minimally#

or# not# at# all# during# mid=summer# months.# # Due# to# the# seasonal# progression# of#

synoptic# types,# classifying# teleconnection# phases# using# any# three=month# period#

would# result# in# similar# circumstances.# # Furthermore,# ENSO# commonly# enters# a#

positive#or#negative#phase#during#the#autumn,#and#this#phase#often#persists#through#

the# following#spring.# #Nevertheless,#positive#(negative)#SOI#and#negative#(positive)#

PDO#were#found#to#significantly#increase#(decrease)#a#weak#split=flow#blocking#type.#

Coupled# PDO=SOI# analyses# reveal# that# negative# (positive)# SOI# and# positive#

(negative)# PDO# were# associated# with# a# significantly# increased# (decreased)#

frequency#of#ridging#over#the#western#continent.##These#links#suggests#that#positive#

(negative)# SOI# and# negative# (positive)# PDO# are# associated# with# above# (below)#

average#precipitation#and#below#(above)#average#temperature#in#the#study#region.####

In#addition#to#synoptic=scale#circulation#driving#moisture# transport# into# the#

research# basins,# summer# precipitation# is# generated# by# meso=scale# convective#

processes#(Raddatz#and#Hanesiak#2008)#that#are#subject#to#spatial#and#interannual#
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variability# (Szeto# et# al.# 2002;# Raddatz# 2000;# Raddatz# 2005).# # Convective#

precipitation#redistributes#water#resources,#either#within#or#across#watersheds#(Liu#

and#Stewart#2003).##Synoptic=scale#mid=tropospheric#circulation#dynamics#generate#

the# conditions# conducive# to# convective#processes;# however,# as# these#precipitation#

events#are#localized#and#widespread,#a#degree#of#precipitation#blending#is#inherent#

in# the# calculation# of# precipitation# anomalies# associated# with# each# synoptic# type.##

Additionally,# as# many# high=intensity# precipitation# events# are# the# product# of# the#

relatively#rare#convergence#of#atmospheric#moisture#transport#originating#over#the#

Gulf#of#Mexico#or#Gulf#of#California#and#lee#cyclones,#these#events#are#not#captured#

by# the#synoptic#climatology#created# for# this#analysis.# #This# research# is# intended# to#

provide# analysis# of# average# climatic# conditions# produced# by# synoptic=scale#

circulation# rather# than# diagnose# extreme#weather# phenomena.# # Therefore,# future#

research# should# focus# on# the# synoptic=scale# circulation# characteristics# that# are#

associated# with# extreme# weather,# including# an# in=depth# analysis# of# enhanced#

atmospheric# wave# amplitude,# which# has# been# hypothesized# as# a# driving# force#

behind#increased#frequency#and#magnitude#of#extreme#events#(Francis#and#Varvus#

2012).#

Results# from# this# research,# and# the# companion# study# evaluating# winter#

atmospheric# drivers# of# climatic# conditions# (Newton# et# al.# 2014),# increase# our#

understanding#of#the#processes#related#to#the#spatial#and#temporal#patterns#of#water#

resource#availability.##The#statistical#approach#utilized#in#evaluating#the#influence#of#

teleconnections# on# synoptic=scale# mid=tropospheric# circulation# in# this# and# the#

companion# study# enhanced# confidence# in# describing# these# relationships.# # Results#
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from# this# analysis# are# consistent# with# results# from# other# CROCWR# analyses#

(Bawden# et# al.# 2014;# Linton# et# al.# 2014)# and,# when# combined,# provide# a# multi=

dimensional# analysis# of#water# distribution# and# redistribution# patterns# in#western#

Canada.#############
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#

#
Figure#4.1:#Rivers#originating#on#the#leeward#slopes#of#the#Rocky#Mountains.##The#
Liard,#Peace,#and#Athabasca#Rivers#are#tributaries#to#the#north=flowing#Mackenzie#
River,#and#the#North#and#South#Saskatchewan#Rivers#are#tributaries#to#the#east=

flowing#Saskatchewan#River.#
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#

#
Figure#4.2:#Hypsometric#profile#of#the#Liard,#Peace,#Athabasca,#North#Saskatchewan,#

and#South#Saskatchewan#Rivers.#
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#

#
Figure#4.3:#Daily#summer#(May=Oct)#geopotential#heights#at#500hPa#for#1950=2011#

classified#using#Self=Organizing#Maps#(SOM).#
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#

#
#

Figure#4.4:#Synoptic#type#a)#frequency#(%)#calculated#as#the#percentage#of#total#
occurrences#of#each#synoptic#type#over#the#study#period#and#b)#persistence#(%),#
calculated#as#the#percentage#of#occurrences#were#the#pattern#remains#the#same#on#

the#following#day.#
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#

#

#
Figure#4.5:#Monthly#synoptic#type#frequency,#indicating#the#seasonal#evolution#of#

dominant#synoptic#types.#
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#

#
#

Figure#4.6:#Average#PNA#value#for#each#synoptic#type#during#the#study#period#(1950=
2011).#
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#

#
Figure#4.7:#Precipitation#associated#with#each#synoptic#type,#calculated#as#the#

percentage#of#precipitation#delivered#to#each#grid#point#relative#to#the#1950=2010#
mean#values#at#each#grid.#
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#

#
Figure#4.8:#Temperature#anomalies#associated#with#each#synoptic#type,#relative#to#

the#1950=2010#mean#values#at#each#grid.#
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#

#
Figure#4.9:#Summer#Standardized#Precipitation=Evapotranspiration#Index#(SPEI),#

classified#into#dominant#patterns#using#SOM.#
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#

#
Figure#4.10:#Synoptic#type#frequency#anomalies#associated#with#each#SPEI#pattern#

identified#in#Fig.#4.9.#
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#

#
Figure#4.11:#Synoptic#type#trends,#evaluated#using#the#non=parametric#Mann=

Kendall#test.##Only#trends#significant#at#10%#are#shown,#with#percent#
increase/decrease#over#the#study#period#(1950=2011),#including#a)#Type#4#(38%)#

and#decreasing#trends#b)#Type#9#(=27%)#and#c)#Type#10#(=32%).#
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#

#
Figure#4.12:#Synoptic#type#frequency#distribution#differences#for#a)#positive#and#
negative#SOI,#b)#positive#and#negative#PDO,#and#c)#negative#SOI#and#positive#PDO,#

and#positive#SOI#and#negative#PDO.#
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Chapter(5:( Conclusions(
#

This# research# provides# a# comprehensive# evaluation# of# the# atmospheric#

drivers#of#water#resource#distribution#in#western#Canada,#and#is#one#component#of#

the#multi=dimensional# CROCWR# project.# # A# series# of# objectives#were# identified# to#

meet# the# goals# of# this# research# including# classifying# and# describing# the# dominant#

mid=tropospheric#circulation#patterns#and#relating#those#patterns#to#the#spatial#and#

temporal# distribution# of# temperature# and# precipitation# during# both# the# winter#

(Nov=Apr)# and# summer# (May=Oct)# seasons.# # Additionally,# this# is# the# first# study# to#

focus# on# determining# the# statistical# relationships# between# synoptic# classifications#

and#large=scale#teleconnections.###

The# literature# review# (Chapter# 2)# outlined# background# information#

regarding# the# processes# related# to# seasonal# water# availability# in# the# headwater#

basins#of# the#Mackenzie#and#Saskatchewan#Rivers,#and# the#best#available#methods#

for#addressing#the#goals#of#this#research.##The#objectives#of#this#study#were#met#for#

the#winter#(Nov=Apr)#season#in#Chapter#3#and#summer#(May=Oct)#season#in#Chapter#

4,#presented#as#two#journal=style#manuscripts.##In#each#case,#synoptic#classifications#

used#the#method#of#Self=Organizing#Maps#(SOM),#as#it#was#determined#to#be#superior#

to# traditional# classification# methods.# # Surface# climate# associated# with# seasonal#

synoptic#types#were#evaluated#using#a#high=resolution#daily#gridded#dataset.######

Results# from# winter# synoptic# climatological# analysis# (Chapter# 3),# showed#

that# the#strength#of# the#relationships#between#mid=tropospheric#circulation,# large=

scale# teleconnections,# temperature,# and#precipitation#are#apparent# in# the# inherent#



# 135#

topological# ordering# of# the# SOM#array.# # Specifically,# the# right# and# left# sides# of# the#

SOM# array# display# nearly# opposite# synoptic# types,# teleconnection# phases,# and#

climate# anomalies,# while# the# centre# columns# represent# transitions# between# these#

two#extremes.# #Furthermore,# the# links#between#synoptic# types#and#surface#climate#

were# strongly# substantiated# by# seasonal# water# availability# analysis.# # Several#

synoptic#types#were#found#to#have#a#statistically#significant#increasing#or#decreasing#

trend#over#the#study#period#(1950=2011),#the#cumulative#result#of#which#suggests#a#

trend# toward# warmer,# drier# winters,# resulting# in# reduced# snowpack# and# shorter#

snow#accumulation#seasons.#####

The# SOI# and# PDO# significantly# affected# the# frequency# of# certain# synoptic#

types,# with# an# increased# frequency# of# a# ridge# (trough)# over# the# Pacific# Ocean#

coupled# with# a# trough# (ridge)# over# western# North# America# during# positive#

(negative)#SOI#and#negative#(positive)#PDO.##Given#the#links#between#these#synoptic#

types# and# surface# climate,# the# relationship# between# positive# (negative)# SOI# and#

negative#(positive)#PDO#and#anomalously#cool#(warm),#wet#(dry)#winter#climate#in#

the# study# region# can# be# inferred.# # Previous# studies# have# primarily# focused# on#

relating# teleconnections# directly# to# surface# climate.# # Results# from# this# research#

provide#the#atmospheric#links#through#which#the#SOI#and#PDO#affect#surface#climate#

and#enhance#our#understanding#of#these#processes.#

Chapter# 4# presents# research# findings# from# the# summer# synoptic# analysis.##

The# synoptic# classification#had# a# strong# seasonal#progression,#with# clear# shoulder#

(May,#Sep=Oct)#and#mid=summer#(Jun=Aug)#types#emerging.##Shoulder#season#types#

were#similar# to#several#of# those# in# the#winter#synoptic#classification,#while#a#split=
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flow#blocking# pattern# emerges# during#mid=summer.# # This# split=flow#blocking# type#

has# significantly# increased# in# frequency#over# the# study#period# (1950=2011),#while#

shoulder=season#troughing#over#the#North#Pacific#has#significantly#decreased.# #This#

suggests# a# trend# toward# circulation# patterns# conducive# to# an# earlier# shift# from#

spring# to# summer# atmospheric# conditions,# and# lengthening# of# the# dominant#mid=

summer#climate,#which#can#have#implications#for#seasonal#water#availability.####

The# relationships# between# synoptic# types# and# surface# climate# are# not# as#

strong#as#during#the#winter#season,# likely#due#to#the#additional#processes#affecting#

water# availability,# including# high# evapotranspiration,# rainfall# recycling,# and#

moisture# transport# from#water# bodies# south# of# the# study# region,#well# outside# the#

synoptic#window#selected#for#this#study.##The#weak#associations#were#also#observed#

for# the# SPEI# analysis# and# associated# seasonal# synoptic# type# frequency# anomalies.##

Poor#relationships#were#also#found#between#summer#synoptic#types#and#the#SOI#and#

PDO.#

Although# this# study# has# answered# several# important# research# questions#

regarding# the# atmospheric# drivers# of# water# resource# distribution# in# western#

Canada,# it#has#also# identified#additional#areas# that#require# further#analysis.# #Three#

main#future#research#recommendations#are#as#follows.###

1. Although# strong# relationships# were# found# between# winter# synoptic#

types# and# the# Pacific=related# teleconnections# (SOI# and# PDO),#

associations#with#the#circumpolar#Arctic#Oscillation#(AO)#were#almost#

non=existent.# # Since# characteristics# of# circumpolar# circulation,#

including#outbreaks#of#Arctic#air#masses,#have#the#potential#to#strongly#
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influence# mid=latitude# weather# systems# and# associated# surface#

climate,# it# is# recommended# that# additional# metrics,# such# as# Rossby#

wave#or#jet#stream#characteristics#be#explored#in#more#detail.##

2. This#analysis# focused#on#a# longer#summer#period# (May=Oct),# and# for#

the# most# part# produced# less# coherent# results# when# evaluating#

summer# synoptic# types,# teleconnections,# and# seasonal# water#

availability# compared# with# winter# analysis.# # Therefore,# it# is#

recommended#that#further#research,#focusing#on#different#methods#for#

classifying# positive# and# negative# teleconnection# phases,# and#

examining#water#availability#using#monthly#or#three=month#values#of#

the#SPEI,#may#provide#additional#insight#into#these#relationships.##

3. Since# past# climate# trends# have# influenced# the# distribution# of# water#

resources# in#western#Canada,# it#raises#the#question#of#how#projected#

climate# change# will# impact# synoptic# type# frequency,# strength,# and#

persistence,# and# associated# consequences# for# water# availability# in#

western# Canada.# # Additionally,# what# impacts# will# projected# climate#

change# have# on# the# frequency# and# magnitude# of# large=scale#

teleconnections,# and,# in# turn,# what# effects# will# this# have# on# mid=

tropospheric#circulation#patterns?######

In#summary,#this#research#provides#a#comprehensive#synoptic#climatology#of#

western#Canada#that#can#be#used# in#conjunction#with#CROCWR#project#analyses#of#

climate#and#streamflow#trends#and#variability#to#effectively#evaluate#the#spatial#and#

temporal#distribution#of#water#resources#in#this#region.##The#procedures#outlined#in#
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the#suite#of#studies#performed#under#the#CROCWR#project,# including#this#research,#

can# be# used# to# evaluate# water# resources# in# other# regions,# including# eastern# and#

northern#Canada.#


