
! 1!

!1!

!2!
!3!

!4!
!5!

!6!

!7!
SYNOPTIC!FEATURES!ASSOCIATED!WITH!TEMPORALLY!COHERENT!MODES!OF!8!

VARIABILITY!OF!THE!NORTH!PACIFIC!JET!STREAM!9!

!10!
!11!

!12!
Kyle!S.!Griffin!and!Jonathan!E.!Martin!13!

!14!

Department)of)Atmospheric)and)Oceanic)Sciences,)University)of)Wisconsin9Madison)15!
)16!

Corresponding!author!address:!J.)E.)Martin,)17!

1225)W.)Dayton)Street,)Madison)WI,)53706)18!
Email:!jemarti1@wisc.edu!19!

!20!
!21!

!22!

!23!
!24!

!25!
!26!

Submitted!to!Journal)of)Climate,!20!November!2015!27!

! !28!



! 2!

Abstract!29!

! Time!extended!EOF!(TESEOF)!analysis!is!employed!to!examine!the!synopticS30!

scale!evolution!of!the!two!leading!modes!of!the!north!Pacific!jet!stream!variability,!31!

namely!its!zonal!extension/retraction!and!the!north/south!shift!of!its!exit!region.!32!

Use!of!the!TESEOF!analysis!enables!a!temporally!coherent!examination!of!the!33!

synopticSscale!evolution!preceding!and!following!times!of!peak!variability!of!each!34!

mode!that!provides!a!novel!perspective!on!the!preferred!evolutions!of!the!north!35!

Pacific!jet.!36!

! Composite!analyses!are!constructed!based!upon!selecting!peaks!with!37!

magnitude!in!excess!of!1.5!sigma!in!the!principal!component!time!series!of!both!38!

phases!of!each!TESEOF.!An!anomalous!Gulf!of!Alaska!cyclone!that!induces!a!lowS39!

level!warm!anomaly!over!western!North!America!is!associated!with!jet!extensions.!40!

Jet!retractions!are!associated!with!a!nearly!opposite!evolution!characterized!by!an!41!

anomalous!ridge!over!the!Aleutians!and!anomalous!lowSlevel!cold!over!western!42!

North!America.!Similar!but!lowerSamplitude!upper!level!patterns!are!noted!in!the!43!

composites!of!the!corresponding!TESEOF!2!phases,!with!the!poleward!shift!of!the!jet!44!

exit!region!tied!to!an!anomalous!Alaskan!cyclone!and!anomalous!lowSlevel!warmth!45!

over!north!central!North!America.!An!equatorward!shift!of!the!exit!region!is!tied!to!46!

an!anomalous!Alaskan!ridge!with!downstream!cold!anomalies!occurring!in!western!47!

North!America.!The!more!extreme!downstream!impacts!that!characterize!TESEOF!2!48!

are!also!longer!lasting!(>5!days),!suggesting!potential!utility!in!mediumSrange!49!

forecasts.!) !50!
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1.!Introduction!51!

Among!the!most!ubiquitous!structural!characteristics!of!the!Earth’s!52!

atmosphere!are!the!narrow,!rapidly!flowing!currents!of!air!located!near!the!53!

tropopause,!known!as!jet!streams!or!jets.!These!synoptic!features!were!largely!54!

unknown!before!and!during!World!War!II!despite!their!original!identification!by!55!

Wasaburo!Ooishi!over!Japan!in!1924!(Lewis!2003).!By!the!end!of!the!war,!however,!56!

the!existence!of!jet!streams!was!well!established,!quickly!drawing!substantial!57!

amounts!of!research!attention!that!led!to!the!discovery!of!the!separate!subtropical!58!

(e.g.!Loewe!and!Radok!1950,!Yeh!1950,!Koteswaram!1953)!and!polar!(e.g.!Namias!59!

and!Clapp!1944,!Palmén!1951,!Newton!1954)!jets.!60!

The!first!comprehensive!descriptions!of!north!Pacific!jet!stream!structure!61!

were!provided!by!Mohri!(1953).!He!emphasized!that!the!jet!sat!between!contrasting!62!

air!masses!and!that!what!often!appeared!to!be!a!single!jet!entity!was,!in!fact,!a!63!

hybrid!of!the!separate!subtropical!and!polar!jets.!Considerable!attention!has!been!64!

directed!toward!understanding!the!influence!of!external!processes!on!the!evolution!65!

of!the!jet.!For!instance,!deep!tropical!convection,!organized!on!the!synopticSscale,!66!

can!impact!the!jet!either!directly!via!upperSlevel!divergent!outflow!or!remotely!67!

through!amplification!of!the!ambient!midSlatitude!flow!(e.g.!Kiladis!and!Weickmann!68!

1992,!Madden!and!Julian!1994,!Higgins!et!al.!2000,!Archambault!et!al.!2013).!69!

To!date,!the!inherent!variability!of!the!north!Pacific!jet!and!its!resultant!70!

impacts!on!the!regional!and!hemispheric!flow!have!been!less!thoroughly!71!

investigated.!Schubert!and!Park!(1991)!conducted!one!of!the!first!examinations!of!72!

the!intraseasonal!variability!of!the!North!Pacific!jet!by!performing!an!empirical!73!
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orthogonal!function!(EOF)!analysis!on!zonal!wind!filtered!for!a!20S70!day!period.!74!

The!leading!mode!of!variability!associated!with!this!EOF!analysis!described!a!75!

modulation!of!the!zonal!wind!intensity!in!the!core!of!the!North!Pacific!jet,!while!the!76!

second!leading!mode!of!variability!described!a!modulation!of!the!zonal!extent!of!the!77!

jet.!Eichelberger!and!Hartmann!(2007)!further!highlighted!the!important!role!78!

played!by!the!modulation!of!the!zonal!extent!of!the!jet!in!explaining!jet!variability!79!

over!the!North!Pacific!in!their!investigation!of!zonal!mean!jet!structures.!They!80!

attributed!one!of!their!analyzed!modes!of!variability!to!a!combination!of!a!northS81!

south!shift,!pulsing!intensity,!and!extension/retraction!of!the!jet!stream!over!the!82!

North!Pacific,!portraying!the!variability!of!the!jet!on!the!synoptic!scale!to!be!83!

significantly!more!complicated!than!that!revealed!in!the!analysis!of!Schubert!and!84!

Park!(1991).!85!

Among!the!earliest!study!to!note!the!regional!impacts!of!interSseasonal!86!

variability!of!the!north!Pacific!jet!was!that!of!Chu!et!al.!(1993).!They!showed!that!87!

differences!in!the!zonal!extent!of!the!jet!had!an!enormous!impact!on!rainfall!in!88!

Hawaii!as!a!zonally!retracted!(extended)!jet!in!1982S83!(1981S82)!was!associated!89!

with!an!extremely!wet!(dry)!winter.!Otkin!and!Martin!(2004)!constructed!a!synoptic!90!

climatology!of!Kona!low!frequency!near!Hawaii!using!10!years!of!ECMWF!Tropical!91!

Ocean!Global!Atmosphere!(TOGA)!surface!and!upperSair!data.!They!found!that!a!92!

retracted!jet!was!associated!with!increased!Kona!low!frequency!in!the!central!93!

Pacific,!suggesting!that!with!the!jet!exit!region!retracted!west!of!the!dateline!(its!94!

climatological!position)!the!waveguide!was!absent!north!of!the!Hawaiian!Islands,!95!
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consequently!allowing!unimpeded!equatorward!propagation!of!extratropical!96!

disturbances!to!the!subtropics!in!that!longitude!sector.!!97!

More!recently,!studies!undertaken!by!Athanasiadis!et!al.!(2010)!and!Jaffe!et!98!

al.!(2011)!identified!two!leading!modes!of!variability!of!the!north!Pacific!jet.!Both!99!

studies!employed!EOF!analysis!of!unfiltered!zonal!wind!data!and!found!the!leading!100!

mode!consists!of!a!longitudinal!shift!of!the!north!Pacific!jet!exit!region!such!that!in!101!

the!extended!phase!(EOF!1+)!the!jet!may!reach!as!far!eastward!as!the!western!coast!102!

of!North!America,!while!in!the!retracted!phase!(EOF!1S)!the!jet!may!extend!only!as!103!

far!as!160°E.!The!second!mode!highlights!a!10S15°!meridional!shift!in!the!jet!exit!104!

region!(EOF!2+,!a!northward!shift;!EOF!2S,!an!equatorward!shift).!Jaffe!et!al.!(2011)!105!

also!investigated!the!synoptic!evolution!of!sudden!jet!retractions!and!found!the!106!

characteristic!timescale!for!such!events!was!~10!days.!107!

Thus,!of!the!four!characteristic!north!Pacific!jet!configurations!associated!108!

with!the!leading!two!modes!of!variability!(EOF!1+,!EOF!1S,!EOF!2+,!and!EOF!2S),!only!109!

the!synopticSevolution!of!jet!retractions!(EOF!1S)!has!been!investigated.!That!110!

investigation!(by!Jaffe!et!al.!2011)!was!undertaken!via!compositing!around!a!single!111!

time!of!maximum!jet!retraction!intensity.!Employment!of!such!a!method!limits!the!112!

ability!of!the!composite!to!1)!testify!to!conditions!spatially!or!temporally!removed!113!

from!the!central!region!of!interest!and!2)!capture!the!temporal!evolution!of!114!

associated!largeS!and!synopticSscale!structures.!!115!

In!order!to!extend!the!perspective!gained!from!compositing!techniques!and!116!

improve!signal!retention!at!longer!time!lags,!a!more!robust!method!of!identifying!117!

and!describing!the!evolution!of!the!jet!stream!structure!is!required.!This!paper!118!
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adapts!the!extended!EOF!methodology!(e.g.!Weare!and!Nasstrom!1982,!Wilks!2011)!119!

to!examine!the!synoptic!evolution!of!temporally!coherent!structures!characterizing!120!

the!leading!modes!of!north!Pacific!jet!variability.!A!description!of!the!timeSextended!121!

EOF!(TESEOF)!method,!along!with!details!of!its!implementation!in!this!study,!is!122!

discussed!as!part!of!a!broader!description!of!the!methodology!in!Section!2.!Section!3!123!

describes!the!jet!variability!on!synoptic!timescales!within!the!TESEOF!framework.!124!

TimeSlagged!composites,!constructed!based!on!data!from!the!TESEOF!analysis,!125!

highlighting!synoptic!features!locally!over!the!North!Pacific!as!well!as!associated!126!

highSimpact!effects!downstream!over!North!America,!are!presented!in!section!4.!127!

Additional!timeSlagged!composites!of!anomalous!deep!convection!are!constructed!128!

via!the!same!methodology!and!presented!in!section!5.!A!summary!and!suggestions!129!

for!future!work!are!discussed!in!section!6.!130!

!131!

2.!Methodology!132!

EOF!analysis!is!a!statistical!method!by!which!the!recurring!patterns!133!

describing!a!multiSdimensional!dataset!are!identified!(e.g.!Hannachi!2004,!Wilks!134!

2011).!The!patterns!of!greatest!interest!in!an!EOF!analysis!are!those!that!explain!the!135!

largest!fraction!of!variability!within!that!dataset.!In!the!atmosphere,!EOF!analyses!136!

provide!insight!into!the!primary!modes!of!variability!associated!with!a!particular!137!

atmospheric!variable!over!a!preSdefined!spatial!region!and!period!of!time.!!Use!of!138!

EOF!analyses!has!led!to!the!identification!and!analysis!of!largeSscale!patterns!in!the!139!

atmosphere!(e.g.!the!PNA,!Wallace!and!Gutzler!1981;!AO,!Thompson!and!Wallace!140!

1998),!although!not!all!EOFs!have!a!corresponding!physical!interpretation.!Given!141!
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that!each!mode!of!variability!identified!by!an!EOF!analysis!is!defined!to!be!142!

statistically!independent!of!all!other!modes,!changes!in!any!one!mode!have!no!143!

correlation!with!changes!in!any!other!mode.!In!actual!complex!systems,!such!as!the!144!

atmosphere,!the!asserted!mathematical!independence!of!each!mode!need!not!be!145!

mirrored!in!reality.!However,!when!physical!insight!is!combined!with!the!statistical!146!

results!of!EOF!analyses,!the!combined!analysis!can!lead!to!understanding!that!147!

neither!the!physics!nor!statistics!might!provide!alone.!148!

The!traditional!EOF!analyzes!a!temporal!sequence!of!spatial!information!to!149!

determine!patterns!of!spatial!variability!without!providing!any!sense!of!how!such!a!150!

pattern!may!evolve!through!time.!By!extending!the!input!data!to!include!a!temporal!151!

dimension,!EOF!analysis!can!identify!the!timeSdependent!evolution!of!spatial!152!

patterns.!This!particular!extended!EOF!(Weare!and!Nasstrom!1982,!Wilks!2011)!has!153!

been!termed!a!timeSextended!EOF!(TESEOF;!Roundy!and!Schreck!2009)!and!154!

describes!the!leading!modes!of!spatialStemporal!evolution!for!the!analyzed!data.!TES155!

EOF!incorporates!temporal!variability!by!considering!a!number!of!times!either!side!156!

of!a!central!reference!time.!By!doing!so,!temporal!data!is!incorporated!into!the!TES157!

EOF!twice!–!once!as!a!way!to!maintain!the!coherence!of!data!related!to!the!evolution!158!

of!the!pattern!over!a,!for!instance,!10Sday!window!(the!additional!TESEOF!159!

dimension,!termed!a!“TE!window”)!and!once!as!the!time!series!over!which!to!160!

calculate!the!eigenmodes!and!identify!the!historical!patterns!associated!with!each!161!

mode!of!variability.!Weare!and!Nasstrom!(1982)!introduced!the!concept!of!162!

extended!EOF!analysis!in!the!atmospheric!sciences!and!emphasized!the!utility!of!163!

extended!EOFs!that!incorporate!additional!temporal!data!due!to!the!“significant!164!
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autoS!and!crossScorrelations!in!time”!associated!with!atmospheric!data.!Extended!165!

EOFs!have!been!utilized!to!produce!multivariate!extended!EOF!analyses!(including!166!

multiple!variables!instead!of!multiple!times),!such!as!those!used!by!Wheeler!and!167!

Hendon!(2004)!to!monitor!the!MaddenSJulian!Oscillation,!and!the!timeSextended!168!

EOF!analyses!used!to!forecast!organized!modes!of!tropical!convection!by!Roundy!169!

and!Schreck!(2009).!170!

! The!TESEOF!analyses!performed!in!this!study!were!constructed!with!data!171!

from!the!NCEP/NCAR!Reanalysis!(Kalnay!et!al.!1996)!with!data!at!2.5˚!horizontal!172!

grid!spacing!and!6Shourly!resolution.!Zonal!wind!at!the!250ShPa!level!was!used!at!173!

each!analysis!time!throughout!the!winter!months!of!November!–!March!(NDJFM).!174!

The!chosen!spatial!domain!of!100˚E–120˚W!and!10˚N–80˚N!allows!sufficient!space!175!

around!the!entrance!and!exit!regions!of!the!North!Pacific!(NPAC)!jet!stream!in!order!176!

to!fully!capture!the!variability!directly!associated!with!each.!The!TESEOFs!are!177!

performed!using!a!TESwindow!of!40!time!steps!(10!days)!of!zonal!wind!anomalies!178!

beginning!at!each!6Shourly!time!step!during!NDJFM.!These!times!are!buffered!by!5!179!

days!at!the!beginning!of!November!and!end!of!March!to!include!only!TE!windows!180!

that!fall!completely!within!the!NDJFM!period.!For!example,!the!first!(second)!TE!181!

window!in!this!analysis!extends!from!0000!UTC!1!Nov!to!1800!UTC!10!Nov!(0600!182!

UTC!1!Nov!to!0000!UTC!11!Nov)!and!is!represented!by!the!central!time!of!0000!UTC!183!

5!Nov!(0600!UTC!5!Nov).!184!

In!constructing!the!TESEOF!analyses,!tests!were!performed!to!examine!the!185!

sensitivity!of!the!resulting!TESEOF!1!and!TESEOF!2!patterns!to!the!chosen!temporal!186!

and!spatial!constraints!on!the!domain.!Given!the!broad!similarity!of!DJF!and!NDJFM!187!
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zonal!wind!EOFs!(not!shown),!and!in!order!to!reduce!calculation!time,!the!TESEOFs!188!

for!the!sensitivity!tests!were!calculated!only!over!the!DJF!period.!To!test!temporal!189!

constraints,!the!TE!window!length!was!varied!from!6!days!to!16!days,!showing!only!190!

minor!changes!in!the!TESEOF!patterns.!Numerous!variations!of!the!spatial!domain!191!

were!tested.!Expansions!of!the!domain!captured!the!high!zonal!wind!variability!192!

associated!with!other!climatological!jet!streams!over!central!Asia!and!eastern!North!193!

America,!but!did!not!significantly!impact!the!pattern!in!the!area!of!interest!over!the!194!

North!Pacific.!The!spatial!dimensions!of!the!domain!specified!above!were!therefore!195!

chosen!to!focus!on!variability!of!the!North!Pacific!jet!while!excluding!other!remote!196!

regions!of!high!zonal!wind!variability.!197!

The!utility!of!the!TE!methodology!is!evident!when!comparing!the!resultant!198!

principal!components!(PCs)!to!the!PCs!of!a!traditional!EOF!analysis!on!the!same!199!

data.!PCs!represent!a!measure!of!how!well!the!data!at!a!given!time!projects!back!200!

onto!a!given!mode!of!variability.!A!time!series!of!PCs!provides!a!running!measure!of!201!

this!projection!and!is!standardized!to!aid!interpretation.!For!the!NDJFM!months!of!202!

2009S2010,!Fig.!1!compares!the!TESPC!(from!a!10Sday!TE!window)!to!the!traditional!203!

PC!(instantaneous;!calculated!every!6!h)!and!the!10Sday!centered!running!mean!of!204!

the!traditional!PC.!While!the!traditional!PC!captures!more!variability!in!the!state!of!205!

the!North!Pacific!jet!stream!on!short!time!scales,!this!variability!has!no!inherent!206!

regard!for!maintaining!the!temporal!coherence!of!the!PC!and!can!appear!noisy!at!207!

times.!Smoothing!the!traditional!PC!time!series!over!40!points!(10!days)!provides!208!

values!that!appear!similar!to,!but!are!generally!of!smaller!magnitude!than,!the!TESPC!209!

values.!As!a!result,!the!TESPC!better!captures!the!full!magnitude!of!highly!anomalous!210!
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events!on!the!10Sday!timescale!while!eliminating!much!of!the!noise!from!higherS211!

frequency!variability,!facilitating!a!focus!on!events!on!the!synoptic!time!scale.!While!212!

Fig.!1!contains!data!only!for!the!2009S2010!NDJFM!season,!similar!comparisons!hold!213!

across!all!winters!since!1980S1981!and!suggest!the!TE!methodology!is!better!suited!214!

than!the!traditional!or!smoothed!PCs!for!identifying!intraseasonal!shifts!in!the!215!

structure!of!the!North!Pacific!jet!stream.!!216!

It!is!important!to!note!that!the!TE!modes!are!defined!in!a!manner!that!does!217!

not!require!that!peaks!in!a!PC!from!a!traditional!EOF!technique!correspond!to!peaks!218!

in!a!mode!from!the!TESPC.!The!TESPC!captures!the!broader!evolution!of!the!pattern!219!

without!accounting!for!higherSfrequency!signals!that!may!project!onto!the!220!

traditional!EOF!patterns!yet!lack!temporal!longevity.!It!is!likely!these!types!of!peaks!221!

in!the!PC!are!not!captured!by!the!TESEOF,!and!in!turn!may!account!for!some!of!the!222!

lower!percent!of!variance!explained!with!each!TE!mode!when!compared!to!the!223!

corresponding!traditional!EOF!over!the!north!Pacific!region1.!Such!a!reduction!in!224!

explained!variance!by!a!given!TESEOF!is!related!to!the!larger!number!of!data!points!225!

employed!in!the!construction!of!the!TESEOF!(Weare!and!Nasstrom!1982).!226!

In!order!to!supplement!the!TESEOF!analysis!of!the!zonal!wind!field!with!227!

physical!analysis,!composite!analyses!of!highSamplitude!events!in!the!PC!time!series!228!

between!November!and!March!for!the!years!1980–2010!were!constructed!with!229!

anomalies!calculated!from!a!climatology!utilizing!21Sday!centered!running!means!230!

from!the!NCEP/NCAR!Reanalysis!(Kalnay!et!al.!1996).!Such!composites!allow!for!an!231!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1!The!percent!variance!explained!in!Jaffe!et!al.!(2011)!for!EOF!1!is!15.9%,!compared!

to!our!9.1%.!Our!TESEOFs!are!calculated!using!approximately!40!times!the!number!
of!data!points!than!used!in!a!traditional!EOF!analysis.!
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examination!of!the!synopticSscale!patterns!preceding!and!following!highSamplitude!232!

peaks!in!given!modes!of!jet!stream!variability.!In!addition,!outgoing!longwave!233!

radiation!(OLR)!anomalies!from!the!NOAA!Interpolated!OLR!dataset!(Liebmann!and!234!

Smith!1996;!provided!by!the!NOAA/OAR/ESRL!PSD,!Boulder,!Colorado,!USA,!for!235!

1979–2012!from!http://www.esrl.noaa.gov/psd/)!were!utilized!in!constructing!236!

additional!composite!analyses!and!serve!as!a!reasonable!proxy!for!anomalous!cloud!237!

cover!and!convection!in!the!tropics!and!subtropics.!In!these!composites,!D0!will!238!

refer!to!date!and!time!where!a!local!maximum!(or!minimum)!in!the!given!PC!239!

exceeded!the!prescribed!threshold,!while!DS5d!and!D+5d!will!refer!to!the!dates!five!240!

days!prior!to!and!five!days!following!D0,!respectively.!!241!

!242!

3.!Preferred!modes!of!variability!243!

The!TESEOF!analyses!presented!here!remain!consistent!with!the!leading!244!

modes!of!jet!stream!variability!identified!by!previous!work!while!capturing!the!245!

broader!temporal!evolution!of!synopticStimescale!patterns!in!the!north!Pacific!jet!246!

stream.!Previous!work!has!shown!the!spatial!patterns!associated!with!the!leading!247!

modes!of!variability!of!the!zonal!wind!over!the!north!Pacific!(e.g.!Fig.!4!of!248!

Athanasiadis!et!al.!2010,!Fig.!4!of!Jaffe!et!al.!2011)!to!be!similar!to!the!patterns!249!

associated!with!the!two!leading!modes!of!variability!found!at!the!central!day!(D0)!of!250!

the!TE!window!used!in!the!TESEOF!analysis!as!shown!in!Fig.!2!(EOF!1)!and!Fig.!3!251!

(EOF!2).!The!two!other!panels!of!Figs.!2!and!3,!labeled!as!DS5d!and!D+5d,!represent!252!

the!beginning!and!end!of!the!TE!window,!respectively.!It!is!important!to!recognize!253!

that!the!sign!associated!with!any!EOF!analysis!is!arbitrary!and!the!signs!of!the!TES254!
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EOFs!presented!here!have!been!chosen!in!a!manner!consistent!with!previous!255!

literature.!256!

TESEOF!1!is!comprised!of!zonal!wind!variability!along!the!latitude!of!the!257!

climatological!jet!core!(~35˚N),!with!a!maximum!variability!of!the!mode!located!in!258!

the!exit!region!of!the!climatological!jet.!Figure!2!presents!the!anomalies!from!the!259!

NCEP/NCAR!Reanalysis!regressed!back!onto!the!TESEOF!pattern,!resulting!in!a!260!

maximum!anomaly!in!excess!of!24!m!sS1!at!D0!(Fig.!2b).!This!anomaly!represents!the!261!

extension!(when!positive)!and!retraction!(when!negative)!events!of!the!north!Pacific!262!

jet!characterized!by!TESEOF!1.!A!second!set!of!anomalies!of!the!opposite!sign!can!be!263!

found!both!poleward!and!equatorward!of!the!maximum!anomaly!in!the!jet!exit!264!

region.!In!general,!the!largeSscale!TESEOF!anomalies!maximize!in!intensity!near!the!265!

central!point!of!the!10Sday!TE!window.!!266!

TESEOF!2!represents!a!meridional!shift!in!the!exit!region!of!the!climatological!267!

jet!stream,!described!by!a!pair!of!anomalies!of!opposing!sign!straddling!the!268!

climatological!latitude!of!the!jet!stream!(Fig.!3).!Such!a!pattern!indicates!a!shift!of!269!

the!zonal!wind!to!the!flank!of!the!climatological!jet!exit!region.!The!northern!270!

(southern)!anomaly!center,!when!positive,!represents!a!poleward!(equatorward)!271!

shift!in!the!jet!exit!region.!These!distinct!shifts!correspond,!respectively,!to!the!272!

positive!and!negative!phases!of!TESEOF!2.!273!

!274!

4.!Composite!analysis!275!

In!order!to!provide!insight!into!the!evolution!of!the!synopticSscale!patterns!276!

associated!with!each!sign!of!the!two!modes!of!variability,!four!separate!composites!277!
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were!constructed.!Each!instance!in!which!a!given!PC’s!value!reached!a!local!maxima!278!

or!minima!in!excess!of!±1.5!standard!deviations!was!selected!for!the!composite.!279!

Anomaly!data!from!upper!(250!hPa)!and!lower!(850!hPa)!levels!at!the!selected!280!

times!were!averaged!to!produce!each!composite.!The!same!NCEP/NCAR!Reanalysis!281!

anomaly!data!used!to!originally!construct!the!TESEOFs!was!also!employed!in!the!282!

construction!of!the!composites.!283!

!284!

a.)Extension)(positive)TE9EOF)1)!285!

The!composite!analysis!of!TESEOF!1!in!its!positive!phase,!created!from!40!286!

individual!maxima!in!the!PC!of!TESEOF!1,!is!presented!in!Figure!4.!When!in!its!287!

positive!phase,!TESEOF!1!represents!an!extension!of!the!climatological!jet!over!the!288!

north!Pacific,!with!the!strongest!zonal!wind!anomaly!at!D0!located!near!35˚N!and!289!

165˚W!(Fig.!4c),!firmly!embedded!within!the!exit!region!of!the!climatological!jet.!!At!290!

upper!levels!(Fig.!4a),!a!modest!15!m!sS1!anomaly!is!found!at!DS5d!extending!from!291!

150˚E!to!140˚W!equatorward!of!an!anomalous!upper!level!trough!and!associated!292!

lowSlevel!anomalous!cyclone!(Fig.!4b)!south!of!the!Aleutian!Islands.!This!lowSlevel!293!

cyclone!is!supported!at!upper!levels!by!the!extended!jet!to!the!south,!placing!the!294!

cyclone!in!the!poleward!exit!region!of!the!jet,!a!region!favorable!for!cyclone!295!

development.!!296!

Near!the!Asian!coast!at!DS5d!(Fig.!4a),!an!anomalous!upper!level!trough!297!

supports!an!enhancement!of!the!lowSlatitude!upper!level!jet,!increasing!flow!out!of!298!

the!tropics.!Over!time,!this!trough!fades!and!merges!with!the!broader!trough!in!the!299!

north!central!Pacific!(Fig.!4c,!e).!There,!the!anomalous!height!differential!of!over!300!300!
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m!between!20˚N!and!40˚N!peaks!at!D0!and!is!made!manifest!as!a!zonal!wind!301!

anomaly!of!~30!m!sS1,!effectively!doubling!the!zonal!wind!in!this!jet!exit!region!(Fig.!302!

4c).!The!enhancement!of!the!zonal!wind!in!the!jet!exit!region!extends!the!303!

climatological!jet!20˚!farther!east,!approaching!the!west!coast!of!North!America.!This!304!

jet!naturally!follows!the!southern!edge!of!the!anomalously!low!heights!associated!305!

with!the!central!Pacific!trough.!Beneath!the!upper!trough,!the!850ShPa!cyclone!306!

continues!to!develop!(S180!m!minimum!height!anomaly)!and!maintains!its!position!307!

in!the!poleward!exit!region!of!the!extended!jet!as!both!shift!eastward!(Fig.!4d).!By!308!

D+5d,!the!upper!trough!remains!sprawling!and!moves!the!jet!even!farther!east!(Fig.!309!

4e).!Accordingly,!the!anomalous!850!hPa!cyclone!begins!to!shift!onshore!over!310!

western!North!America!(Fig.!4f),!indicating!the!lowSlevel!cyclone!is!increasingly!311!

impacting!the!sensible!weather!over!North!America.!312!

It!is!interesting!to!note!that!the!height!and!zonal!wind!anomalies!over!313!

eastern!Asia!at!DS5d,!particularly!those!tied!to!the!ridge!over!central!Siberia!and!the!314!

trough!over!the!Korean!peninsula,!weaken!through!D0!and!are!essentially!absent!by!315!

D+5d.!Given!that!the!intensity!of!each!peaks!early!in!the!TE!window,!it!may!be!that!316!

these!two!features!identify!precursors!to!jet!extension!events!over!the!north!Pacific.!317!

This!upperSlevel!trough!and!ridge!are!also!represented!in!the!850!hPa!temperature!318!

anomalies,!with!anomalous!warmth!over!central!Siberia!and!anomalous!cold!(in!319!

excess!of!S3˚C)!over!eastern!China!at!DS5d!(Fig.!4b).!320!

! Downstream!over!North!America,!height!anomalies!start!to!amplify!by!D0,!321!

with!an!anomalous!250!hPa!ridge!over!western!Canada!(Fig.!4c)!associated!with!322!

widespread!850!hPa!temperature!anomalies!in!excess!of!2˚C!(Fig.!4d).!Farther!323!
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downstream!over!the!eastern!portion!of!the!United!States!and!maritime!Canada,!an!324!

upperSlevel!trough!develops!with!associated!lowSlevel!cold!anomalies!in!excess!of!S325!

2˚C!at!D0.!This!trough!over!eastern!North!America!forces!a!slight!enhancement!of!326!

the!upper!jet!on!its!equatorward!edge!in!association!with!negative!height!anomalies,!327!

resulting!in!a!stronger!subtropical!jet!over!the!southeast!United!States.!While!the!328!

upper!trough!and!lowSlevel!cold!anomalies!slowly!slide!southeastward!through!329!

D+5d,!the!warm!anomalies!over!western!Canada!intensify!and!expand!over!much!of!330!

the!western!half!of!North!America,!peaking!in!excess!of!4˚C!(Fig.!4f).!This!warmth!331!

appears!to!last!beyond!the!end!of!the!10Sday!TE!window!analyzed!in!this!composite!332!

(not!shown),!suggesting!highSamplitude!North!American!impacts!beyond!what!is!333!

described!here.!334!

!335!

b.)Retraction)(negative)TE9EOF)1)!336!

While!composites!associated!with!the!negative!phase!of!TESEOF!1!are!not!337!

statistically!required!to!be!mirror!opposites!of!the!positive!phase!of!TESEOF!1,!the!338!

largeSscale!structures!describing!the!two!phases!tend!to!exhibit!this!characteristic.!339!

For!the!jet!retraction!cases!associated!with!the!negative!phase!of!TESEOF!1,!the!340!

composite!analysis!was!again!constructed!from!40!times!in!which!the!PC!peaked!341!

below!the!S1.5!standard!deviation!threshold.!The!composite!maps!are!presented!in!342!

Figure!5.!343!

! At!upper!levels!at!DS5d!(Fig.!5a),!the!core!of!the!negative!zonal!wind!344!

anomalies!is!located!near!180˚,!placing!it!within!the!exit!region!of!the!climatological!345!

jet!and!resulting!in!a!weaker,!retracted!jet!whose!zonal!extent!is!limited!to!areas!346!



! 16!

west!of!the!date!line.!Negative!zonal!wind!anomalies!peak!in!excess!of!S30!m!sS1!with!347!

these!cases!(Fig.!5c)!in!a!region!where!the!climatological!wind!is!only!~45!m!sS1.!348!

Centers!of!enhanced!zonal!winds!exist!both!poleward!and!equatorward!of!the!349!

climatological!jet!stream!with!the!positive!zonal!wind!anomaly!stronger!on!the!350!

poleward!side!of!the!climatological!jet.!A!modest!upperSlevel!trough!appears!west!of!351!

Hawaii!(around!180˚W;!Fig.!5a)!and!exists!throughout!the!10Sday!TE!window,!352!

expanding!eastward!with!time.!Anomalous!cyclonic!flow!around!this!upper!trough!353!

further!supports!the!reduction!in!climatological!westerlies!in!combination!with!the!354!

much!more!substantial!highSlatitude!ridge!farther!north,!creating!a!pattern!akin!to!a!355!

Rex!block!(Rex!1950)!and!suggesting!a!stagnation!of!the!pattern!over!the!eastern!356!

north!Pacific!and!downstream.!With!the!retraction!of!the!jet!stream!to!the!west!of!357!

the!blocking!pattern,!the!absence!of!a!midSlatitude!waveguide!allows!for!more!358!

frequent!poleward!propagation!of!tropical!air!masses!and!equatorward!propagation!359!

of!polar!air!masses!(e.g.!Otkin!and!Martin!2004).!360!

! East!Asian!precursors!are!comparable!but!roughly!opposite!of!those!of!the!jet!361!

extension!mode.!Most!of!Siberia!is!dominated!by!a!sprawling!upperSlevel!trough!and!362!

lowSlevel!cold!anomalies!(below!S4˚C),!while!eastScentral!China!and!the!Sea!of!Japan!363!

are!dominated!by!a!western!lobe!of!the!ridge!in!the!central!Pacific!that!slowly!364!

contracts!eastward!with!time!in!the!10Sday!TE!window!(Fig.!5a,!c,!e).!The!365!

anomalously!cold!air,!largely!in!Siberia!initially,!spreads!eastward!to!encompass!366!

Alaska!and!western!Canada!where!anomalous!cold!exceeds!S5˚C!by!D0!(Fig.!5d).!367!

Simultaneously!in!Asia,!this!cold!air!slides!southward!into!eastern!China,!with!an!368!
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East!Asian!Winter!Monsoon!(EAWM;!Chang!and!Lau!1980)!cold!surge!signature!369!

along!the!higher!terrain!of!the!Tibetan!Plateau!at!D0!(Fig.!5d).!!370!

! The!downstream!patterns!are!of!similar!amplitude!and!evolve!comparably!to!371!

those!observed!in!jet!extension!composites,!but!are!again!of!reversed!sign.!A!broad!372!

region!of!anomalously!low!heights!at!850!hPa!can!be!seen!sliding!out!of!the!Arctic!373!

Ocean!around!D0!(Fig.!5d)!and!into!western!Canada!by!D+5!(Fig.!5f),!enhancing!374!

southerly!flow!over!central!North!America!and!amplifying!the!warm!850!hPa!375!

temperature!anomalies!over!the!eastern!half!of!North!America!by!D+9d!(not!376!

shown).!Cold!air!also!builds!up!over!northwestern!North!America,!especially!during!377!

and!after!peak!retraction!of!the!jet!over!the!North!Pacific!(D+5d!and!beyond,!not!378!

shown).!379!

!380!

c.)Poleward)shift)(positive)TE9EOF)2)!381!

Two!primary!centers!of!variability!straddling!the!mean!jet!exit!region!382!

dominate!the!10Sday!composite!analyses!of!36!poleward!shifted!jet!cases!(positive!383!

phase!of!TESEOF!2).!A!strip!of!positive!zonal!wind!anomalies!north!of!the!384!

climatological!jet!axis!and!negative!anomalies!south!of!the!climatological!jet!axis!385!

serves!to!shift!that!climatological!jet!poleward,!from!as!far!west!as!western!China!at!386!

DS5d!(Fig.!6a)!to!the!northwest!US!beyond!D0!(Fig.!6c).!!387!

! A!poleward!shift!of!the!jet!similarly!shifts!the!synopticSscale!height!anomaly!388!

centers!10S15˚!poleward.!A!broad!anomalous!upperSlevel!trough!over!the!Gulf!of!389!

Alaska!and!far!eastern!Russia!contrasts!with!a!zonally!elongated!anomalous!ridge!390!

along!the!latitude!of!the!climatological!jet!near!the!jet!exit!region!at!DS5d!(Fig.!6a),!391!
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helping!to!shift!the!pattern!poleward!and!intensify!the!jet!between!the!anomalous!392!

trough!and!ridge.!The!anomalous!trough!retrogrades!across!the!Aleutian!Islands!and!393!

intensifies!throughout!the!10Sday!composite!(Fig.!6c,!e).!In!turn,!anomalous!upperS394!

level!winds!expand!around!the!base!of!the!trough!and!toward!the!west!coast!of!395!

North!America!and!are!associated!with!the!intensification!of!the!downstream!ridge!396!

over!Hudson!Bay!by!D+5d!(Fig.!6e).!The!lowSlevel!anomalous!cyclone!associated!397!

with!the!upperSlevel!anomalous!trough!retrogrades!with!the!upper!trough!between!398!

D0!and!D+5d!and!reinforces!the!lowSlevel!cold!(warm)!temperature!anomalies!399!

present!over!the!Bering!Sea!(central!Canada;!Fig.!6d,!f).!While!the!cold!temperature!400!

anomalies!over!far!eastern!Russia!peak!in!excess!of!S4˚C!at!D+5d!(Fig.!6f),!the!401!

corresponding!warm!anomalies!over!central!Canada!are!enhanced!by!southwesterly!402!

winds!downsloping!off!the!Rocky!Mountains!on!the!southwest!side!of!the!Aleutian!403!

cyclone!and!peak!in!excess!of!+8˚C!at!D+5d.!This!anomalous!warmth!continues!to!404!

impact!North!America!for!several!days!beyond!the!D+5d!lag!(not!shown).!405!

Upstream!of!the!North!Pacific,!a!weak!and!nearly!stationary!anomalous!ridge!406!

is!present!near!the!entrance!region!of!the!climatological!jet!at!110˚E!(DS5d,!Fig.!6a).!407!

This!anomalous!ridge!is!maintained!throughout!the!10!day!composite,!suggesting!its!408!

presence!may!be!related!to!a!persistent!forcing!such!as!deep!convection.!An!409!

additional!notable!upstream!precursor!appears!as!an!anomalous!shortwave!trough!410!

near!the!Korean!peninsula!at!DS5d!(Fig.!6a).!While!this!trough!may!initially!amplify!411!

southerly!flow!out!of!lower!latitudes,!it!becomes!indistinguishable!by!D0!(Fig.!6c).!412!

!413!

d.)Equatorward)shift)(negative)TE9EOF)2)!414!
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The!upperSlevel!zonal!wind!pattern!associated!with!the!equatorward!shift!415!

mode!(negative!phase!of!TESEOF!2)!is!more!difficult!to!interpret.!The!primary!zonal!416!

wind!anomalies!in!the!composite!straddle!the!climatological!jet!exit!region!with!417!

enhanced!westerlies!located!on!the!southern!periphery!with!a!stronger!region!of!418!

reduced!westerlies!to!the!north!(Fig.!7a,!c,!f).!This!structure!is!similar!to!but!419!

opposite!that!of!the!positive!phase!of!TESEOF!2!and!suggests!the!appropriate!420!

description!for!this!pattern!is!“equatorward!shift”.!While!such!a!description!allows!421!

for!a!convenient!consistency!of!nomenclature,!an!anomalous!enhancement!of!upperS422!

level!zonal!winds!over!Alaska!and!eastern!Russia!is!of!equal!or!greater!magnitude!423!

than!the!enhanced!westerly!flow!in!the!subtropics!and!may!instead!represent!424!

another!branch!of!the!jet!stream!at!high!latitude!(Fig.!7a,!c,!e).!A!negative!zonal!wind!425!

anomaly!in!a!similar!location!does!not!characterize!the!poleward!shifted!jet!events!426!

(Fig.!6a,!c,!e),!providing!a!notable!asymmetry!between!the!positive!and!negative!427!

phases!of!TESEOF!2.!428!

! The!equatorward!shift!mode!is!comprised!of!anomalous!westerly!zonal!wind!429!

along!20˚N!latitude!in!the!central!Pacific!throughout!the!10Sday!composite,!with!the!430!

maximum!westerly!anomaly!over!the!Hawaiian!Islands!(Fig.!7a,!c,!e).!This!431!

anomalous!jet!extends!eastward!and!connects!with!an!anomalous!jet!over!central!432!

North!America,!creating!a!link!between!the!enhanced!equatorwardSshifted!433!

subtropical!Pacific!jet!and!the!climatological!jet!stream!over!Mexico!and!the!United!434!

States!at!D0!and!D+5d!(Fig.!7c,!e).!A!broad!anomalous!trough!dominates!the!flow!435!

over!the!western!United!States!and!central!Canada!and!acts!in!concert!with!a!weak!436!

anomalous!ridge!in!the!southeast!United!States!to!enhance!the!upper!winds!437!
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between!the!two!anomaly!centers.!The!upper!trough!is!associated!with!remarkable!438!

cold!anomalies!at!850!hPa!over!much!of!Canada!(Fig.!7b,!d,!f).!The!magnitude!of!439!

these!anomalies!increases!dramatically!between!DS5d!and!D0!(Fig.!7b,!d)!though!the!440!

underlying!physical!mechanism!driving!the!local!temperature!tendencies!is!not!441!

immediately!clear.!Some!of!the!local!temperature!decrease!is!undoubtedly!442!

associated!with!cold!advection!in!northwesterly!lowSlevel!flow!that!originates!in!443!

northern!Alaska!and!is!associated!with!the!intensifying!lowSlevel!anticyclone!over!444!

the!Aleutian!Islands!(Fig.!7b,!d).!445!

! Over!the!central!North!Pacific,!a!strong!anomalous!upperSlevel!ridge!broadly!446!

dominates!north!of!40˚N!and!serves!to!enhance!the!jet!stream!on!its!polar!edge,!447!

north!of!60˚N!(Fig.!7a,!c,!e).!The!crossSarctic!flow!associated!with!such!a!jet!is!also!448!

represented!at!the!850ShPa!level!and!likely!contributes!to!the!anomalous!lowSlevel!449!

cold!in!North!America!at!D0!(Fig.!7d)!and!D+5d!(Fig.!7f),!despite!only!weak!cold!450!

anomalies!over!Siberia!and!the!Arctic!Sea!at!DS5d.!South!of!this!ridge,!a!broad!region!451!

of!anomalously!low!upperSlevel!heights!is!present!south!of!the!climatological!jet!452!

near!its!exit!region!and!may!represent!broad!upper!troughs!digging!into!the!453!

subtropics!across!a!range!of!longitudes!in!a!manner!similar!to!that!observed!in!jet!454!

retraction!cases!(e.g.!Fig.!5a,!c,!e).!!The!position!is!reminiscent!of!where!Kona!lows!455!

form!in!conjunction!with!retracted!jet!cases!(e.g.!Otkin!and!Martin!2004)!and!any!456!

such!trough!may!weakly!enhance!the!subtropical!jet!to!the!south!of!the!trough!in!457!

this!region.!!458!

! The!upstream!patterns!over!Asia!are!diffuse!with!no!clearScut!synopticSscale!459!

anomalies!at!DS5d!or!D0!at!upper!levels!(Fig.!7a,!c),!suggesting!either!that!the!460!
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equatorward!shift!mode!may!be!triggered!by!contrasting!synopticSscale!setups!that!461!

cancel!out!in!a!composite!analysis!or!that!there!are!not!any!clear!cut!Asian!midS462!

latitude!precursors!to!these!equatorwardSshifted!jet!cases.!463!

!464!

5.!Tropical!convection!composites!465!

Although!the!results!of!certain!composites!often!hint!at!the!role!of!tropical!466!

convection!in!building!lowSlatitude!anomalous!ridges,!such!inferences!are!467!

unsupported!without!examining!proxies!of!the!convection!itself.!Figures!8!and!9!468!

present!OLR!composites!calculated!as!previously!for!each!sign!of!each!TESEOF.!OLR!469!

is!often!utilized!as!a!proxy!for!cold!cloud!tops!associated!with!deep!convection!in!the!470!

tropics!and!subtropics!and!is!useful!in!the!construction!of!composites!due!to!its!long,!471!

homogenous!period!of!record.!The!OLR!composites!for!the!extension!mode!(Fig.!8a,!472!

c,!e)!and!the!equatorward!shift!mode!(Fig.!9b,!d,!f)!show!little!in!the!way!of!473!

anomalous!tropical!convection!with!no!apparent!largeSscale!organization.!!474!

Anomalous!tropical!convection!appears!in!the!retraction!composite!over!the!475!

eastern!Indian!Ocean!and!maritime!continent!(Fig.!8b,!d,!f)!and!appears!to!move!476!

slowly!eastward!across!the!10Sday!window!of!the!composite.!The!eastward!phase!477!

speed!of!this!convection!appears!similar!to!or!slightly!slower!than!that!of!convection!478!

associated!with!the!MaddenSJulian!Oscillation!(MJO;!Madden!and!Julian!1971,!Zhang!479!

2005),!which!contrasts!with!the!stationary!nature!of!convection!found!with!the!480!

retraction!mode!in!Jaffe!et!al.!(2011).!The!role!of!this!convection!in!fostering!a!481!

retraction!of!the!North!Pacific!jet!is!not!immediately!apparent.!The!second!region!of!482!

convection!in!the!central!and!eastern!tropical!North!Pacific!is!consistent!with!the!483!
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OLR!composite!from!Jaffe!et!al.!(2011;!specifically!their!Day!10!composite![their!Fig.!484!

12e]!and!our!D+5d;!Fig.!8f)!near!the!Hawaiian!Islands,!although!twice!as!intense!as!485!

that!found!by!Jaffe!et!al.!Convection!in!this!location!is!consistent!with!the!presence!486!

of!the!lowSlatitude!trough!that!can!be!noted!in!the!retraction!composites!(Fig.!5b,!d,!487!

f).!!488!

Significant!tropical!convection!anomalies!are!evident!in!the!poleward!shift!489!

composite!(Fig.!9a,!c,!e)!over!Southeast!Asia!and!the!maritime!continent!and!are!of!a!490!

larger!magnitude!than!those!observed!in!a!similar!location!in!association!with!the!491!

retraction!mode.!These!negative!OLR!anomalies!also!appear!to!remain!nearly!492!

stationary!or!move!slowly!eastward!similar!to!convection!associated!with!the!MJO.!493!

It!is!interesting!to!note!that!these!convective!anomalies!move!eastward!at!494!

approximately!the!same!speed!as!the!anomalies!associated!with!the!retracted!jet!495!

events!(Fig.!8b,!d,!f),!roughly!2˚!dayS1.!The!quasiSstationary!or!slowSmoving!nature!of!496!

these!convective!anomalies!enables!the!imposition!of!persistent!forcing!on!the!midS497!

latitude!flow!patterns!which!can!impact!both!the!north!Pacific!jet!as!well!as!498!

locations!downstream!(e.g.!Kiladis!and!Weickmann!1992,!Higgins!et!al.!2000).!The!499!

broad!lowSlatitude!upperSlevel!anomalous!ridge!in!the!entrance!region!of!the!500!

poleward!shift!composite!(Fig.!6a,!c,!e)!may!be!a!manifestation!of!upperSlevel!501!

convective!outflow!in!this!location!that!appears!to!make!systematic!contributions!to!502!

the!poleward!shift!of!the!jet.!!503!

Finally,!it!is!worth!noting!that!the!large!region!of!anomalously!high!OLR!in!504!

the!eastern!Pacific!on!the!equatorward!side!of!the!extended!jet’s!exit!region!(Fig.!8!a,!505!

c,!e)!is!coincident!with!the!subsiding!branch!of!the!thermally!indirect!circulation!506!
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associated!with!the!extended!jet.!This!OLR!anomaly!intensifies!throughout!the!10S507!

day!composite!(Fig.!8c,!e).!Farther!north,!the!rising!branch!of!the!thermally!indirect!508!

circulation!likely!enhances!convection!in!the!region!of!anomalously!low!OLR!off!the!509!

west!coast!of!the!United!States!at!D0!(Fig.!8c).!510!

!511!

6.!Discussion!512!

TESEOF!analysis!reveals!the!details!of!the!synopticSscale!evolutions!513!

associated!with!the!leading!modes!of!North!Pacific!jet!stream!variability.!While!the!514!

analysis!presented!here!is!consistent!with!previous!work!by!Schubert!and!Park!515!

(1991),!Athanasiadis!et!al.!(2010),!and!Jaffe!et!al.!(2011),!TESEOF!analysis!provides!516!

an!additional!component!of!temporal!coherence!to!analyses!of!the!largeSscale!517!

environments!characteristic!of!extremes!in!the!leading!modes!of!variability,!and!518!

thus!points!to!both!upstream!precursors!and!downstream!impacts.!519!

! The!two!primary!modes!of!variability!presented!here!consist!of!1)!the!jet!in!520!

either!an!extended!or!retracted!state!or!2)!a!poleward!or!equatorward!shift!of!the!521!

jet!exit!region.!While!previous!studies!on!North!Pacific!jet!variability!focused!on!the!522!

transition!into!a!retracted!state!(Jaffe!et!al.!2011)!and!the!instantaneous!state!of!the!523!

jet!in!any!given!mode!(Athanasiadis!et!al.!2010),!the!TESEOF!technique!identifies!the!524!

evolution!of!the!two!phases!of!each!mode!of!variability!centered!on!the!peak!525!

intensity!of!each!phase.!By!design,!the!extension/retraction!and!latitudinal!shift!526!

modes!reach!their!greatest!extents!at!D0!and!so!employment!of!the!TE!window,!527!

which!includes!some!of!the!increase!toward!and!decline!away!from!such!peaks,!528!

reveals!new!details!regarding!the!corresponding!flow!evolutions.!529!
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Composites!constructed!based!upon!highSamplitude!events!in!the!TESPC!time!530!

series!constitute!a!notable!improvement!in!the!temporal!coherence!of!the!associated!531!

midSlatitude!signals!compared!to!composites!constructed!with!traditional!EOFs!(e.g.!532!

Jaffe!et!al.!2011).!The!growth!of!the!positive!zonal!wind!anomalies!throughout!the!533!

TE!window!for!the!extended!jet!(Fig.!4)!mode!draws!attention!to!the!role!of!the!534!

anomalous!trough!that!intensifies!and!moves!eastward!throughout!the!following!10!535!

days!(Figs.!4a,!c,!e).!This!trough!appears!to!be!central!to!the!development!and!536!

intensification!of!the!zonal!wind!anomalies!that!constitute!an!extended!jet!stream,!537!

and!expanding!these!composite!analyses!farther!back!in!time!may!allow!for!better!538!

identification!of!such!precursor!features!and!their!evolution!over!several!the!days!539!

prior!to!the!central!time!of!the!TE!window.!Similar!extension!of!these!composite!540!

analyses!may!provide!additional!insights!into!the!nature!of!characteristic!precursors!541!

of!highSamplitude!events!for!all!four!phases!of!jet!variability.!The!utility!of!such!542!

longSrange!composite!signals!is!not!yet!established!and!merits!further!examination.!543!

However,!armed!with!a!physical!understanding!of!the!precursors!that!drive!changes!544!

in!the!North!Pacific!jet,!mediumSrange!forecasters!may!be!better!able!to!combine!545!

anticipation!of!jet!variability!with!knowledge!of!the!associated!downstream!impacts!546!

to!improve!largeSscale!forecasts!into!week!two!over!much!of!North!America.!547!

The!composite!analyses!of!extended!and!retracted!jets!(Figs.!4!and!5)!contain!548!

elements!consistent!with!the!surge!phase!of!the!East!Asian!Winter!Monsoon!549!

(EAWM;!Chang!and!Lau!1980).!!At!DS5d!of!the!extended!jet!composite!(Fig.!4b),!the!550!

large!area!of!anomalous!lowSlevel!cold!air!over!eastern!China!and!the!northern!551!

South!China!Sea!appears!in!a!location!consistent!with!a!wellSdeveloped!cold!surge!552!
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described!by!Chang!and!Lau!(1980).!Such!cold!air!outbreaks!were!identified!as!a!553!

possible!precursor!to!jet!extension!events!by!Jaffe!et!al.!(2011)!and!may!play!a!role!554!

in!the!subsequent!evolution!of!extended!jets.!555!

Within!these!composite!analyses,!consistent!highSamplitude!impacts!were!556!

noted!downstream!over!North!America!in!the!days!after!the!peak!in!the!respective!557!

jet!mode.!For!TESEOF!1,!the!jet!extension!(retraction)!mode!is!associated!with!a!558!

large!region!of!lowSlevel!warmth!(cold)!over!much!of!Alaska!and!western!Canada!at!559!

D0!(Fig.!4d,!5d),!with!temperature!anomalies!in!excess!of!4˚C!magnitude.!These!560!

anomalies!suggest!such!weather!might!be!a!common!downstream!impact!of!each!561!

TESEOF!1!phase.!Similarly,!the!phases!of!TESEOF!2!are!associated!with!even!stronger!562!

downstream!impacts!over!North!America,!with!both!poleward!and!equatorward!563!

shift!events!leading!to!lowSlevel!temperature!anomalies!in!excess!of!8˚C.!!Neither!of!564!

these!anomalies!are!of!high!magnitude!prior!to!DS5d!(Fig.!6b,!7b),!but!rather!565!

intensify!over!North!America!as!the!shift!of!the!jet!exit!region!maximizes!(at!D0).!566!

High!magnitude!temperature!anomalies!are!maintained!through!D+5d!(Fig.!6f,!7f)!567!

and!beyond!for!up!to!an!additional!five!days!(not!shown),!suggesting!that!latitudinal!568!

shifts!of!the!jet!exit!region!(TESEOF!2)!may!affect!the!downstream!weather!over!569!

North!America!more!significantly!than!jet!extensions!or!retractions!(TESEOF!1).!570!

Of!the!four!phases!associated!with!the!two!modes!of!variability!discussed!571!

here,!slowSmoving!and!potentially!organized!tropical!convection!may!play!a!572!

significant!role!in!two!of!them.!A!more!complete!analysis!of!the!midSlatitude!and!573!

tropical!interactions!that!lead!to!these!variations!in!the!jet!would!serve!to!provide!574!

additional!insight!into!the!forcing!behind!such!patterns,!but!is!beyond!the!scope!of!575!
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this!study.!The!task!of!identifying!such!tropicalSextratropical!interactions!has!been!576!

partially!addressed!in!cases!of!recurving!TCs!interacting!with!the!jet!stream!(e.g.!577!

Archambault!et!al.!2013),!but!remains!a!challenge!for!less!organized!episodes!of!578!

persistent!deep!convection,!which!are!substantially!more!common!phenomenon!579!

throughout!the!tropics!and!subtropics.!The!leading!modes!of!jet!variability!broadly!580!

describe!the!most!common!evolutions!of!the!North!Pacific!jet!stream,!implying!a!581!

commonplace!occurrence!such!as!nonSTC!convection!(e.g.!gardenSvariety!as!well!as!582!

MJOS!and!ENSOSdriven)!may!play!a!more!frequent!and!significant!role!in!modulating!583!

such!North!Pacific!jet!variability.!584!

Finally,!since!the!analyses!presented!here!are!based!upon!identification!of!585!

the!dates!of!maximum!extension,!retraction,!and!shift,!the!leading!modes!identify,!for!586!

instance,!the!state!of!the!jet!being)extended!rather!than!the!process)of)extension.!587!

Thus,!the!transitions!to!and!from!these!leading!modes,!while!partially!addressed!by!588!

the!lagged!composite!analysis,!merit!additional!study.!Similarities!between!the!jet!589!

extension!and!poleward!shift!composites!(the!850!hPa!Gulf!of!Alaska!cyclone!and!590!

downstream!warmth;!Figs.!4!and!6)!and!the!jet!retraction!and!equatorward!shift!591!

composites!(the!850!hPa!Gulf!of!Alaska!ridge!and!downstream!cold;!Figs.!5!and!7)!592!

suggest!that!the!leading!modes,!while!mathematically!independent,!are!not!593!

physically!independent.!Thus,!examination!of!the!nature!of!transitions!between!the!594!

phases!of!each!mode!promises!additional!insight!into!the!preferred!evolutions!of!the!595!

North!Pacific!jet!stream.!596!

!597!

7.!Acknowledgements!598!



! 27!

The!authors!would!like!to!acknowledge!the!National!Science!Foundation!for!599!

their!support!on!this!project!via!grant!number!AGSS1265182.!600!

!601!

List!of!figure!captions!602!

Figure!1.!Comparison!of!a!traditional!PC,!a!traditional!PC!with!a!10Sday!smoother,!603!

and!a!TESPC!for!the!NDJFM!2009S2010!season!for!the!leading!mode!(top)!and!604!

second!leading!mode!(bottom)!of!variability.!PCs!correspond!to!EOFs!of!250!hPa!605!

zonal!wind!speed!over!the!North!Pacific.!606!

Figure!2.!TESEOF!1!(extension/retraction)!of!the!250!hPa!zonal!wind!over!the!North!607!

Pacific.!EOF!regressed!back!onto!anomaly!data!is!shaded!(m!sS1;!per!color!bar).!608!

Climatological!zonal!wind!is!contoured!in!black!starting!at!20!m!sS1.!Top!panel!(DS609!

5d)!represents!the!TESEOF!pattern!at!the!beginning!of!the!10Sday!TE!window;!610!

middle!panel!(D0)!represents!the!pattern!halfway!through!the!TE!window;!bottom!611!

panel!(D+5d)!represents!the!pattern!at!the!end!of!the!TE!window.!612!

Figure!3.!As!in!Fig.!2!but!for!TESEOF!2!(meridional!shift)!of!the!250!hPa!zonal!wind!613!

over!the!North!Pacific.!614!

Figure!4.!Composite!of!cases!where!PC!of!TESEOF!1!was!positive!and!was!greater!615!

than!1.5!sigma,!representing!jet!extension!cases.!D0!is!defined!as!the!midpoint!of!the!616!

10Sday!window,!where!DS5d!(D+5d)!is!the!beginning!(end)!point.!Left!plots!(a,!c,!e)!617!

show!anomalies!of!250!hPa!zonal!wind!(shaded!per!color!bar),!heights!(dashed!618!

every!50!m),!and!vector!winds!(per!reference!vector).!Right!plots!(b,!d,!f)!include!619!

anomalies!of!850!hPa!temperature!(shaded!per!color!bar)!and!heights!(dashed!620!
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every!20!m).!Both!plots!show!the!climatological!zonal!wind!in!black!contours!621!

starting!at!30!m!sS1.!Composite!sample!size!=!40.!622!

Figure!5.!As!in!Fig.!4!for!cases!where!the!PC!of!TESEOF!1!was!less!than!S1.5!sigma,!623!

representing!jet!retraction!cases.!Composite!sample!size!=!40.!624!

Figure!6.!As!in!Fig.!4!for!cases!where!the!PC!of!TESEOF!2!was!greater!than!1.5!sigma,!625!

representing!poleward!shift!cases.!Composite!sample!size!=!36.!626!

Figure!7.!As!in!Fig.!4!for!cases!where!the!PC!of!TESEOF!2!was!less!than!S1.5!sigma,!627!

representing!equatorward!shift!cases.!Composite!sample!size!=!45.!628!

Figure!8.!Composites!of!OLR!(shaded,!per!color!bar)!calculated!as!in!Fig.!4!and!Fig.!5!629!

for!jet!extension!(a,!c,!e)!and!jet!retraction!cases!(b,!d,!f),!respectively,!from!TESEOF!630!

1.!Number!of!cases!are!consistent!with!the!respective!previous!composites.!631!

Figure!9.!As!in!Fig.!8!for!poleward!shift!(from!Fig.!6;!a,!c,!e)!and!equatorward!shift!632!

(Fig.!7;!b,!d,!f)!jet!cases!from!TESEOF!2.!Number!of!cases!are!consistent!with!the!633!

respective!previous!composites.!634!
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!732!
Figure!1.!Comparison!of!a!traditional!PC,!a!traditional!PC!with!a!10Sday!smoother,!733!

and!a!TESPC!for!the!NDJFM!2009S2010!season!for!the!leading!mode!(top)!and!734!
second!leading!mode!(bottom)!of!variability.!PCs!correspond!to!EOFs!of!250!hPa!735!

zonal!wind!speed!over!the!North!Pacific.!736!

! !737!
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!738!
Fig.!2.!TESEOF!1!(extension/retraction)!of!the!250!hPa!zonal!wind!over!the!North!739!
Pacific.!EOF!regressed!back!onto!anomaly!data!is!shaded!(m!sS1;!per!color!bar).!740!

Climatological!zonal!wind!is!contoured!in!black!starting!at!20!m!sS1.!Top!panel!(DS741!

5d)!represents!the!TESEOF!pattern!at!the!beginning!of!the!10Sday!TE!window;!742!
middle!panel!(D0)!represents!the!pattern!halfway!through!the!TE!window;!bottom!743!

panel!(D+5d)!represents!the!pattern!at!the!end!of!the!TE!window.!744!
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!745!
Fig.!3.!As!in!Fig.!2!but!for!TESEOF!2!(meridional!shift)!of!the!250!hPa!zonal!wind!over!746!

the!North!Pacific.!747!



!
Fig.!4.!Composite!of!cases!where!PC!of!TE7EOF!1!was!positive!and!was!greater!than!1.5!sigma,!representing!jet!extension!cases.!D0!is!
defined!as!the!midpoint!of!the!107day!window,!where!D75d!(D+5d)!is!the!beginning!(end)!point.!Left!plots!(a,!c,!e)!show!anomalies!of!250!
hPa!zonal!wind!(shaded!per!color!bar),!heights!(dashed!every!50!m),!and!vector!winds!(per!reference!vector).!Right!plots!(b,!d,!f)!include!
anomalies!of!850!hPa!temperature!(shaded!per!color!bar)!and!heights!(dashed!every!20!m).!Both!plots!show!the!climatological!zonal!wind!
in!black!contours!starting!at!30!m!s71.!Composite!sample!size!=!40.!

c) D0 d) D0

e) D+5d f) D+5d

a) D-5d b) D-5d



! 37!

!
Fig.!5.!As!in!Fig.!4!for!cases!where!the!PC!of!TE7EOF!1!was!less!than!71.5!sigma,!representing!jet!retraction!cases.!Composite!sample!size!=!
40.!

c) D0 d) D0

e) D+5d f) D+5d

a) D-5d b) D-5d
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!
Fig.!6.!As!in!Fig.!4!for!cases!where!the!PC!of!TE7EOF!2!was!greater!than!1.5!sigma,!representing!poleward!shift!cases.!Composite!sample!
size!=!36.!

c) D0 d) D0

e) D+5d f) D+5d

a) D-5d b) D-5d
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!
Fig.!7.!As!in!Fig.!4!for!cases!where!the!PC!of!TE7EOF!2!was!less!than!71.5!sigma,!representing!equatorward!shift!cases.!Composite!sample!
size!=!45.!

c) D0 d) D0

e) D+5d f) D+5d

a) D-5d b) D-5d
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!
Fig.!8.!Composites!of!OLR!(shaded,!per!color!bar)!calculated!as!in!Fig.!4!and!Fig.!5!for!jet!extension!(a,!c,!e)!and!jet!retraction!cases!(b,!d,!f),!
respectively,!from!TE7EOF!1.!Number!of!cases!are!consistent!with!the!respective!previous!composites.!

c) D0 d) D0

e) D+5d f) D+5d

a) D-5d b) D-5d

Extension phase Retraction phase
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!
Fig.!9.!As!in!Fig.!8!for!poleward!shift!(from!Fig.!6;!a,!c,!e)!and!equatorward!shift!(Fig.!7;!b,!d,!f)!jet!cases!from!TE7EOF!2.!Number!of!cases!are!
consistent!with!the!respective!previous!composites.!

c) D0 d) D0

e) D+5d f) D+5d

a) D-5d b) D-5d

Poleward shift phase Equatorward shift phase


