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ABSTRACT

A systemmtic exam nation of tle dynamcal relationshp between tle North Atlantic Oscillation (NAO) and
atnos feri ¢ bl ock i ngepi socks in tle NorthAtl antic duri ngwinteris undrtak en. Enp oyi ngtle bl ock i ngcri teri a, as
&finedby Tibald and Mol teni (1990), wve first establisha statistical relati onsh p thougconpositingandlinear
regession anal ysis, between tle two penonena. Tle results slowtht tle frequency of bl ock i ngformations in tle
North Atlantic regon is sensitive to tle pmse of tle NAO. Sixty-seven percent nore wi nter bl ock i ng cays are
observedduri ngtle negtive than tle positive pase of tle NAO. Tle lifetine of bl ockingep socs is also sensitive
totle pase of tle NAO. ®h tle NAO is in tle negtive pase, tle dstri bution of tle lenghof bl ock i ngvari es
consi cerabl y. Tle averag 1 eng hof bl ock i ngduri ngtle negti ve pase is about 11 chys, wh chis nearl y twice as 1 ong
as tle 6-chy lenghobserved duringtle positive pase of tle NAO. Tle NAO accounts for about 30% of tle
vari ation in tle winterti ne NorthAtlantic bl ock i ngep socks.

Wpopose a conceptual nodl that strenglens tle statistical association and offers an exp anation for a
dynani cal connection between tle occurrences of blockingandtle NAO in tle NorthAtlantic. Apdication of a
l oworcer tleoretical nocl by Clarney and DeVore (1979) and an anal ysis of Nortlerm Hem spere observed
surface tenperature sugest that tle NAO-rel atedd fference i n bl ock i ngfrequency andpersi stence are associ atedw th
clangs in tle onal ly asymmetric tlermal forcingwhch to alarg extent, is ceterni nedby tle pgase of tle NAO.
For tle negtive pase of tle NAO, tle dstribution of tle surface airtenperature anomalyis tle d stinctive ‘ warm
ocean/col d l and pattern rel ated to tle resonance forci ng of topogaply and creates a dynanical environnent
favourable for tle formati on and persi stence of bl ocks. For tle positive pase of tle NAO, on tle otler land tle
dstribution of tle surface ai r tenperature anonalies is tle d stinctive ‘ gohrchobaad pattern, wh chredaces
or cestroys tle resonance forci ngof topogapy andis unfavourable for tlke dvel opment andpersi stence of bl ock s.
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1. INTRODUCTION

In tle early 1950s and agin in tle mdto-late 1960s, tle establishent and persistence of nmjor
atnospleri ¢ bl ock s, to a geat extent, controlledtle winter climate of tke NorthAtlantic (Rex, 1950;
Nami as, 1958; Treid et al., 1981; Knox and Hay, 1985). Coinci centally withtlke bl ocking tle North
Atlantic Oscillation (NAO), wh chis tke major source of interannual variabilityin tle area, las been in
tle nemtive plase wi thh ger tlan normal lei gts over Icel andand]1 over tlan nomal lei gts overtle

Awores. Since tle earl y 1970s lovwever, tle NAO clangdinto a positive pase (Hurrell andvan Loon,

1997), al ongwi thf ewer occurrences of atnospleri ¢ bl ock i ngi n tle NorthAtl anti ¢ (Knox and Hay, 1985).
Figire I clearl yind cates a pronmi nent clang i n tle nature of bothtle frequency andl ocati on of bl ock i ng

* Corres poncence to: Meteorol og cal Service of Canadi, 4905 Dufferin Street, Downsvi ew, Ontari o, Canach M3H 5T4; e-mmi | :
ani r.s labbar@ec.g.ca
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from 1960-1970 to 1980—-1990 over tle North Atlantic. In contrast, very little clang is observedin
atnos pleri ¢ bl ock i ngover tle Nort hPaci fic between tle two peri ods. Al tloughtle NAO is tle doni nant
noc of atnosperic variabilityin tle NorthAtlantic withtine scal es geater than a nonth conpared

w than averag lifetine of appoxi matel y 10 cdays (synoptic tine scal e) for atnos pleri ¢ bl ock s (Knox and
Hay, 1984), tle apparent rel ati onsh pbetween tle NAO andbl ock i ngin tle NorthAtl antic rai ses sone
interestingquestions, suchas:

e To wat extent does tle 1 owfrequency conponent of tle NAO affect tle frequency of blockingintle
NorthAtl antic andwat is tle dynami cal connection between tlese two penonena?

@ As indcatedin Figire 1, wly is tlere a mark ed cdecrease in tle blocking frequency over tle
mdatitucd North Atlantic from tle peri od 1960-1970 to 1980-1990? Is ths clhing related
dnami cally to tle clang observedin tle pase of tle NAO over tle sane peri od?

A tlroughuncrstand ngof bothtle statistical and dynamical rel ati onsh ps between tle NAO and
blockingis essential in tle study of NorthAtlantic clinate variability.

Tl establishent, gowh and cecay of blockingare also of geat inportance for ned umrang
weatler forecastingin mdatitucs (Smkla and Mo, 1983; Tracton, 1990). A nunber of studes lave
addessedtle sinmulation of tle conplete cycle of blocks in gneral circulation nodkls (GCMs) (Ti bal d
andMol teni, 1990; Ti bal df al., 1997). Recent1y, D’Andeaet al. (1998) usednocls in tle Atnosperic
Mocl Interconpari son Project (AMIP) to d agiose and conpare tle ability of dfferent GCMs to
simul ate Nortlern Hemi splere m d atituck bl ock i ng Tley foundthat tle nockls exhi bit 1 arg d fferences
in bl ockingbelaviour andthat tlere is a gneral tencncy to uncresti mate bothtle bl ock i ngfrequency
and tle averag duration of blocks. In particular, tle nocls lave probl ens in prodici ngl ongli ved
bl ockingep socds in tle Euro-Atl antic sector.

A nunber of atnosperi c bl ockingtleories lave been proposed (Eger, 1978; Clarney and DeVore,

1979; Tungand Li nden, 1979; Ka"l I, 1981). Kaas and Branstator (1993) slow a strongassoci ati on
between bl ock ingactivity in tle Nortlern Hem spere and anonal ous onal nean flow Ty illustrate
that bl ock i ngep socs correspondto tines of promi nent anonalies in tle P anetary waves. Usingalinear
nmoctl, tley lypotlesi z that tlese anonalies couldbe tle result of adustnent of tle p anetary waves to
¢viations intle onal nean state. Tungand Li nden (1979) slowedthat atnos geri ¢ bl ock i ngcoul dbe
expl ai ned by tle linear resonance of planetary scale waves withrespect to surface forcing such as
continental elevation andland-sea d fferential leating In tle sane year, Clarney and DeVore (1979)
poposed a nultipe equilibrium tkory to exdain tle formation of blocks. Ty found tlat both
topogaph cal and tlermal forci ngare necessary in orcer to prodice two-state equilibriumsol ution, of
wh chone state is al owindx floww tha strongwave conponent, whle tle otleris a h gy ndex fl ow
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Figire 1. Decachl averagdbl ockinglike frequency as afunction of longtuc. Solidline represents tle 1960—-1970 averag, dasled
line represents 1980-1990 averag
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with a weak wave conponent. It is sugested tlat tle penonenon of blockingis a netastable
equilibriumstate of 1 owindx w thnear-resonant claracteristics. Interannual to intercdcadl clangs in
tle frequency of bl ock ingformati ons in tlke NorthAtlantic coul dbe rel atedto vari ations in tle I owi ndx
flowpattern on tle sane tine scales. Furtlernore, withn tle franework of tle apparent association
between tle NAO andblockingit is possible that tle variabilityin tle frequency of bl ock i ngformati ons
could be related to tle variations in tle configiration of tle surface tlermal forcing thoug tle
intemed ary stepin wh chtle NAO sets tle stag for I and-ocean tlermal contrasts.

Inths study, wve propose a conceptual nocl 1inkingtle NAO, tlermal forci ngandbl ock i ngover tle
North Atlantic. Te NAO is, to a geat extent, responsible in ctermining tlke surface tlemal
configiration in tle NorthAtlantic, eastern North Aneri ca and tle Euroasian sector (van Loon and
Rogrs, 1978a,b; Nesterov, 1998). Clangs in tlke pase of tle NAO are associated wi thbasin-w &
changs in tle intensity andlocati on of tle NorthAtlantic jet streamandstormtrack . Tke NAO al so
modul ates I arg-scal e patterns of mnal andneri d onal leat andnoi sture transport (Hurrel 1, 1995), wh ch
in tum results in clangs in tenperature and preci pitati on patterns wh choften extend fromeastemn
NorthAneri ca to western andcentral Europe (Wk er andBliss, 1932; van Loon and Rogrs, 1978a,b).

Chaings in tle surface tlermal forci ngi ndicedby d fferent pases of tle NAO are tlen expdoitedin a
sinpified version of Claney and DeVore’s (1979) tlkeory to propose a neclani sm for bl ock i ng
formation in tle NorthAtl antic sector.

Specificallyin ths paper, we first establisha robust statistical rel ati onsh p betveen tle pases of tle
NAO andtle occurrence of atnosperic blockingin tlke NorthAtlantic sector. In orcer to provic a
dynami cal basis forths rel ationsh p we i nvok e tle concept of nodil ati on of tke surface climte by tle
NAO and tle above-nenti oned Clarney /DeVore tleory of tlernal forcing It is sugested tlat an
exani nation of th's dynamical rel ationshi pwill gve sone insigt into tle possi bl e neclani smfor clinate
variability in tle NorthAtl antic reg on.

In tle next section, tle dita set andbl ock i nganal ysis techni ques usedin ths study are &¢scri bed Tl
statistical relationsh pbetween tle NAO andbl ockingis pesentedin tle follow ngsection. Al ongwi th
asingdifiedChmeyDeVore | oworcr tleoreti cal nocdkl andobserveddata, a d scussion of tle i npact
of tle NAO on bl ockingfrequencyis presentedin tle section aftertiat. In tle final section, tle studyis
conclucedwi tha dscussion of aconceptual nockl relatingtle NorthAtlantic atnospleri ¢ bl ock i ngto
tle NAO.

2. DATA AND METHODOLOGY

Tl dta set usedin ths study is conposed of chily averagd National Center for Envi ronnental
Pred cti on (NCEP) re-anal ysis 500 Pa lei ¢t andnontH y NCEP re-anal ysis 1000 HPa tenperature cata

on a 2.5° by 2.5° gid fromJanuary 1958 to Decenber 1996 (Kal nay et al., 1996). Eachwi nter, from
1958-1959 throughto 1995-1996, is dkfinedas tle peri od beg nningon 1 Decenber and end ng on

31 Marchof tle follow ngyear.

Tl first NAO i ncex was finedby Wk er andBliss (1932) as tle d fference between tle nornal i 2d
nean winter sealevel pressure (SLP) anomalies at 1ocations representati ve of tle rel ati ve strengls of tle
Aores Hi ghandIcel and ¢ Low Rogrs (1984) constructedan NAO i ncx beg nni ngin 1894, usi ngSLP
anonal i es fromPonta Del jmds, Aores andAk uyreyri , Icel and Recently, Hurrel 1 (1995) sel ectedLi sbon,
Portugl and Stykkishlnur, Icelandin orcer to extend tle record anotler 30 years. As tlese NAO
ind ces basedon station pressures are af fectedby smal 1 -scal e andtransi ent neteorol og cal penonena not
necessarily rel atedto tle NAO, tley nay contai n uncsirable h der frequency fluctuations. As tle focus
of ths studyis onlarg-scale belavi our of tle NorthAtlantic, an NAO i nx basedon tle first rotated
(vari max) enp i cal ortlognal function (EOF) of tle 500 Paleigdts is closen. Ths choi ce of tle NAO
is simlarto tlhose docunented by Barnston and Li vezy (1987) and conbi nes parts of tle east Atlantic
andvest Atlantic patterns orignally icntifiedby Wlace and Gutd er (1981) for tle winter season.
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Tk NAO exlibits little variation in its climatol ogcal nean structure fromnonthto nonth and
consists of a north-southdpole of kigt and pressure anommlies, with one centre |ocated over
Greenl and and tle otler centre of opposite sig spanningtle central latituds of tle North Atlantic
between 35°N and 40°N. Tle positive pase of tle NAO reflects bel ownornal leigdts and pressure
across tle hglatitucds of tlke North Atlantic and above-normal leigts and pressure over tle
mdatituc central NorthAtlantic, tle eastern United States and western Europe. Tle negti ve pase
reflects an opposite pattern of lei ¢t andpressure anonalies overtlese reg ons. Inths study, tle averag
value of tle NAO incx for tle Decenber to Marchwi nter peri odis cal cul atedandtle top(bottom ten
val ues are usedtoidntify years in wh chtle NAO renai nedposi ti ve (negti ve). Tlese years (Tabl e I) are
tlen enpl oyedto investi gte tle belavi our of atnospleric bl ockingin tle NorthAtlanticin relation to
d fferent pases of tke NAO.

An objecti ve bl ock i ngindx as &finedby Tibald and Mol teni (1990), lereaf ter referredto as TM, is
used thougout ths study. Tle nature of tlke indx and tle criteria usedin its construction are
extensively dscussedin TM. Here, only a brief ¢finitionis gvenin orc®rto facilitate tle dscussion of
our present study.

Tle 500 Pa gopotential leigt gad ents GHGS and GHGN are conputedfor eachl ong tuce:

Z(po) — Z(¢y)

GHGS =——F——"°~ 1
H pa—y M
Z(6,) - Z(y)
GHGN=—"+""*+————"—7~ 2
¢n - ¢0 ( )

were ¢, =80°N+ A, ¢p,=60°N+ A, ¢,=40°N+ A and A= —2.5° 0°, 2.5°.

As tle re-anal ysis cata are on a 2.5° gi d we have closen tle spaci ngbetween latitudks to be 2.5°. TM
dfinedtleir spacingto be 4°. A gven longtud is cdfinedas blockedon aspecific cay if bothof tle
foll owingcond tions are satisfied(for at 1east one vahue of

GHGS >0
GHGN < — 10 mper cegee latituck

As cscribedin TM, tlese constraints are sufficient to c¢fine alocal tenporal -spatial ‘block-like’ f1ow
pttern, wichis tlen usedto calculate a local blockingindx. Tk local blockingindx is furtler
constrai ned by i nposi ngadd tional space andtine constraints in orcer to obtain a reg onal bl ocking
sigature; nanel y, that tle block -like fl owpattern exi sts over thee or nore adacent 1 ong tudks andthat

it lasts five cays or nore. 3f ol 1 ow Ti balad al. (1997) in apd yi ngtle tine-continuity constraint;if a

local non-block diy is observedin an otlerwise bl ockingep sod of 5 consecutive dys, tle event is
consictred as a reg onal bl ockingevent, withtle non-bl ock ingdiy assunedas alocal blockingindx
failure. Tle reg onal blockingsigature is tlen usedto calculate dstributions of such variables as
bl ock i ngdarati on, nean bl ock i nganonal i es andnontH y bl ock i ngfrequency. TM &finition of bl ocking

las abuilt-in reason for bl ockingto be associ atedw thanonal ous mnal nean cond tions and tleref ore,

one woul dexpect aclose relati onsh pbetween tle fl owreg ne andbl ock formati on. However, as slown

by Kaas and Branstator (1993) (KB), tle rel ati onsh p between bl ock i ng frequency and onal flowis
inckpencent of tle ¢&finition of blocks. KB used15 d fferent objecti ve c¢finition of bl ocking includ ng
tlose devi sedby TM andfoundsimnilarresul ts between onal nean f1owandbl ock i ngfrequency. Tke TM
&finition of blockingis noww &ly usedby otler i nvesti gtors (¢.g D’Aaidda 1998).

Tabl e I. &ars i n wh chtle NAO renmi nedin tle toptenthpercentile (positive) andtle
bottomtenthpercentile (negtive) for tle Decenber—Marchperi od

Negtive NAO 1962 1963 1964 1965 1966 1969 1970 1977 1979 1996
Positive NAO 1973 1975 19811983 1989 1990 1992 1993 1994 1995

Tlese years are closen to study tle belavi our of atnosperic blockingin tle North Atlantic
sector. dars are 1abel l edon January of tle averag ngperi od

Copyri gt © 2001 Crown in tle ri gt of Canach. Publisldby Jom Wey & Sons, Ltd Int. J. Climatol. 21: 355-369 (2001)



NORTH ATLANTIC OSCILLATION AND BLOCKING 359
3. THE STATISTICAL RELATIONSHIP

A conceptual nockl wh chdynamically rel ates tle NAO to bl ockingis cvel opedby first establishnga
clear statistical relationsh pbetween tle NAO and atnosgeri ¢ bl ock ingon an interannual tine scale.
Tle i nterannual variability of bl ockingfrequencyin tle NorthAtl antic reg on las been well docunented
(Lejenas and @t I and 1983; Ti bald and Mol teni, 1990; Ti bal et al., 1997). Usingtle NCEP re-anal ysi s

dta, ve cenonstrate tle exi stence of bothstronginterannual andintercdecachl variability in tle North
Atlantic reg on.

Figire 1 slows tle ccacl averag of blockinglike frequency as a function of longtuc. Tl
blockinglike frequency is d¢finedas tle percentag of tle nunber of blockinglike duys per wi nter. No
spatial or tenporal constraint is yet apdied Tk solidline represents tle averag percentag frequency
over tle 19601970 period wile tle daistedline is over tle 1980-1990 peri od Bothdcadil -averagd
frequenci es slhowtle wel 1 -k nown bl ock i ngnaxi na, one i n tle NorthAtl afEicope andtle otlerin tle
North Paci fic. However, tle clang in tle blockinglike frequency between tle two period is quite
strikingin thk NorthAtl anfwcrope reg on, were tlere is ad stinctive rediction (about 10% overall)in
tle blockinglike frequency (particul arl y over tle western reg on) of tle NorthAtlantic. In tle North
Pacific, tle dfference between tle two cdecachl period is less thn 2%. Tlese results sugest strong
intercecachl variability of tle blockingactivityin tle NorthAtl antic reg on.

Figire 1 also reflects tle belavi our of tle instantanecous (chily) andlocal (inlongtuc andlatituc)
blockinglike patterns, as no tine durati on andspace constrai nts were usedto calcul ate tle blockinglike
frequency. In orcer to dagose tle regonal blockingactivity, it becones inportant to dstingiish
between instantaneous blockinglike structures and actual synoptic blocking epsocds. Tk reg onal
bl ock i ngfrequency i ncex, whi chis tle bl ock eddays per nonthin a g ven reg on, is cal cul atedusingtle
tine diarati on constrai nt (5 chys or nore) cefinedin Section 2. In add tion, a particul ar spatial sectoris
assunedto be blockedif thee or nore adacent longtucs withinits limts are &¢finedto be bl ock ed
accord ngto tle l ocal ¢finition gvenin Section 2. Thee reg ons of tlke Nortlern Heni splere are stud ed
for bl ock i ngfrequency. Tley are:

e Canach: 130°-60°W
e Atlantic: 60°WO0°E;
e Europe: 10°—80°E.

Witertine bl ockeddays in tle thee reg ons for tle 1958—1996 peri odare cepictedin Figire 2. Each
tine series is obtainedby sinpy countingtle nunber of days (5 cays or geater) consi ccredas bl ock ed
by tle i ndx for tke peri od Decenber—March Tle NorthAtl antic reg on slows tle strongst i nterannual
vari ability, fol l ovedby tle European reg on. In tte NorthAtl anti ¢ reg on, tle nean bl ock eddays andtle
standard cevi ati on are 31.7 and 18.2, respectively, whle in tle European reg on, tle nean and tle
standard cevi ation are smaller at 13.5 and 15.2 days, respecti vely. To exami ne tle linear rel ationsh p
between tle NAO andtle reg onal bl ockingactivity, correl ati on coefficients between tle nontHy NAO
andtle reg onal bl ock ingindx for tle Decenber—Marchperi od are cal cul ated (Tabl e II). Correl ati on
coefficient is based on a sanpe siz ofx38=152 values (38 years and 4 nontls per year). Tle
correl ation coefficient between tlke NAO andtle bl ock i ngi ncdex 05 for tle Canad an reg on and
—0.54 for tle NorthAtl antic reg on, wi thbothcorrel ati on val ues beingstatistically sigificant at tle 1%
level of sigificance; tlere is no sigificant response in tle European reg on. Ths sugests tht tle effect
of tle d fferent plases of tle NAO on bl ockingis localizdto tlke NorthAtl anti ¢ and Canad an reg ons.
Tk frequency of bl ockingevents intlese two reg ons tends to be h der diri ngtle winter in wh chtle
NAO is in tlke negtive pase.

Bl ock i ngcays are quantifiedin Figire 3 wi threspect to tle negti ve (open bar) andtle positive (solid
bar) pases of tle NAO. Tle conposite years for tle negti ve andpositi ve NAO are ccfinedin Section
2 (Table I). Tle frequency of wintertine blockingin tlke NorthAtlantic reg on is appoxi nately 67%
geater duri ngtle negti ve plase of tle NAO than duri ngtle positive plase. Duri ngtle negti ve gase,
tle averag nunber of blockingdiys in tle Atlantic regon is 52.8, whichis statistically d fferent at tle
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Figire 2. Tine series of wintertine reg onal bl ock i ngcays for tle peri od 1958-1996

Tabl e II. Correl ati on coefficient between nontH y NAO andreg onal bl ock i ngi nckx f or
tlke Decenber-March peri od

Reg on Canach Atlantic Europe

Correl ati on —0.45 —0.54 0.017

Nunbers in boldare statistically sigificant at 1%.

5% level fromtlk clinmate nean of 31.7 chys. For tle positive pase of tle NAO incx, tle averag
nunber of blockingdays is 19.4, agmin statistically d fferent fromtle climatic nean. Tle d fference in
blocking diys fromtle climatic nean is also sigiificant duringtle two pases of tle NAO for tke
Canad an reg on. Results are simlarif tke conposite peri odis clangdto tle nontls of January throu gh
March or Janu ary t rou hFebruary. As tle bl ock i ngevents in tle Canad an reg on are michf ever tlan
intl NorthAtlantic regon, wve will focus our attention on tle rel ati onsh pbetween tle NAO andtle
NorthAtl anti ¢ bl ock i ng

To augment tle bl ock i ngNAO rel ati onsh ptlat we obtai nedf romconposi ti ngtopten andbottomten
val ues of tle NAO incdx (Figire 3) regessi on anal ysis between tle NAO andtle NorthAtl antic bl ock i ng
ind ces was carri edout. Several neasures of godiess-of -fit were exani ned Tle coefficient of ¢term na-
ti onR?, wh chstows tle proporti on of tle variation of all winter bl ockingevents tht is accountedby
tle NAO is 0.30. As asingde regession was carriedout, ths inpies that 30% of tle variation in tle
NorthAtl antic bl ockingis exp ai nedby tle NAO. Anal ysis of vari ance statistics indcates that tle ratio
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Figire 3. Conposite chys of reg onal bl ock ingevents for negti ve NAO (open bars) andposi ti ve NAO (solidbars). Tle d fference
between tle two pases of tle NAO is sigificant at tle 5% level for tle Canad an andtle Atl antic reg ons

of nean square fromtle regessi on nockl to tle nean square of tle residial, i.e. tl-ratio of 55.51is
statistically sigificant at tle 1% level. Moreover, an exam nation of tle residial conponent of tle
bl ock i ngnot accountedfor by tle NAO slows randond y d stri butedpoi nts about tle zro 11 ne andslows

no strongtrends in tle residial bl ockingbelavi our. Tle null lypotlesis of correl atedresi dial wouldbe
rejectedat tle 1% level. Tlese results indcate that tle assunption of alinear rel ati onsh p betvween tle
NorthAtl antic bl ockingandtle NAO is a reasonabl e one.

Figire 4 stows tle anonal y vari ati on andi ts 1inear trendfortle NAO i ncex andtle Atl antic bl ocking
indkx. Tle NAO incx slows a nark ed upward 1 ongtermtrend consistent wi thpevious studes (e.g
Hurrel 1, 1995, 1996). It is also evicdnt from Figire 4(B) that tle Atlantic blockingindx slow a
systemati c downvardtrendduri ngtle past 39 years. Note tle mark edclang towvardtle negti ve pase
of tle NAO andtle attencant rise in blockingdays in tle mi ¢1990s.

Tl frequency dstribution of bl ockingdiration for tle two pases of tle NAO are slown in Figire
5, sugestinga strongcpencncy on tle pasingof tle NAO. BWh tle NAO is in tle positive pase,
tle duration of blockingis mminlyintl 5-6 diy rang, wi thnore tlan 70% of tle bl ock i nglastingless

(A) NAO Index
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Figire 4. Anonal y vari ati on andits longtermtrendfor (A) tle NAO incx and (B) bl ock i ngi ncex for tle Atlantic reg on
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(A) Negative NAO
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Figire 5. Frequency d stri buti on of bl ockingdiration longr than five chys in tle Atlantic reg on for negti ve andposi ti ve NAO

thin 6 days. In contrast, duri ngtle negti ve pase of tle NAO, only 5% of tle bl ockinglasts less tlan

6 chys andtle dstribution of blockingdirati on covers a wi & rang from5 to 18 chys. Tle averag
dirationis aroundl1l cays, wh chis nmuchl ongr than tle dirati on associ atedw thtle positive pase of

tle NAO (about 6 days). Dol e (1989) slowedtlat tle devel opnent and decay of persistent anonmlies in

tle NorthAtlantic occur ratler rapdy withtle c-correl ation tine of about 10 days. Our anal ysis of

bl ock i ngfrequency (Figire 5) stows that tlere is still asigificant porti on of blocks tht lave alifecycle
of nore than 10 days (sone blocks last upto 18 days).

Figire 6 slows a bl ockingsigature patternin tle 500 Paleigdts intle NorthAtlanticregon fortle
negtive plase of tle NAO. Tle bl ock i ngsigature is obtai nedby subtracti ngtle conposite fiel dof all
non-bl ock edchys fromtle conposite fiel dof all bl ock edcays (Ti ala., 1997). Tke napstovs tle
shape, extensi on andintensity of tke nean bl ock ingstructure diri ngtle negti ve pase of tlke NAO. Tle
blockingdpole structure is quite evi cent over tle NorthAtl antic reg on. In add tion, tle d pole structure
over eastern Canach witha positive anonmaly centre soutleast of Greenl and and a negti ve anomnal y
centre over Hud on Bay, supports enlanced bl ock i ngacti vi ty over tle Canad an reg on. Tle concu rrent
occurrence of blockingin thkese two regons sugests that tle North Atlantic bl ock ingep sods nay
influence atnosgeri ¢ bl ock i ngover tle Canad an reg on.

Tl results pesentedin ths section strondy support a statistical rel ati onsh p between tle negti ve
pase of tle NAO structure and enlanced bl ockingactivity in tle North Atl antic and tte Canad an
reg ons. Tlese observati ons strond ysugest that tle fl1owreg ne confi giration, i.c. tle negti ve plase of
tle NAO provi ¢es tle ri gt cond tions fortle formati on andsustenance of bl ock i ngactivityin tle North
Atlantic andthat tle NAO is not nerel y tle result of bl ockingactivity. A dynam cal exd anation of low
tle pases of tle NAO effect bl ock formation will be presentedin tle foll owi ngsecti on.
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NORTH ATLANTIC OSCILLATION AND BLOCKING 363

Figire 6. Blockingsigature in tle 500 Pa lei dts (i.e. tle d fference of bl ock edandonal clinmte) of tle Atlantic bl ockingfor
negtive NAO for tle peri odof Decenber—March Contour interval is 2.0 chns

4. THE IMPACT OF THE NAO ON BLOCKING

Touncerstandtle i npact of tle NAO on bl ock i ng we first needto uncerstandtle dynam cs of bl ock i ng
Altlbougtlere is not a gneral ly acceptedtleory for tle dynamics of blocking it las been recogi zd
that non-l1inear i nteracti on andsurface tlermal forci ngare tle two essential factors. Because topogapy
is tineinvariant, tle i nterannual vari ability of surface tlermal forci ngsloul dbe rel atedto tle i nterannu al
vari ati on of bl ocking Usingasinpifiedversi on of Clarney andDeVore’s (1979) nocl , we will slowtle
existence of two stable equilibriumstates (a l owindx fl owanda h gri nx f1ow). Depend ngon tle
onal l y asymmetri ¢ ttermal forcing tle systembi furcates between tlese equilibriumstates. We it may
seemintuitive that tle negtive pmase of tle NAO wouldresult in nore bl ock i ngepsocs, we will argie
that tle nemtive pase of tlke NAO povids tle apropiate tlermal forci ng wich creates an
envi ronnent condici ve for bl ock fornation. Tlese tleoretical results this provid a basis for exp ai ni ng
wy tle bl ock ingfrequency anddiration in tle NorthAtlantic reg on are sensitive to tle pase of tle
NAO.

Fol 1 owi ng Clarney and DeVore (1979), tle non-d nensional quasi-gostropic potential vorticity
equation w thtopogapy andtlernal forci ngcan be witten as

(vu=L)+ s ve e+ p v G

ot 22

were i is tle non-d nensional streanfunctibns tle non-d nensional topogapicelevati oM?is tle
lori ontal Lag ace operator, Jis tle Jacobi an operator,f = L/a cot ¢y, ¢po1s the central 1atituab,s tle
rad us of tle earthk = D;/2H, D;is tle Ek nan d¢pthand H tle equi val ent ¢¢pthof tle atnospere and
Y*is tle non-d nensional equivalent tlernal forci ng

Wexpand ¢, ¥* and & in ortlonormmal eignfunction of tle Lap ace operator. To sinpdify tle
probl em ve k eeponly those terns that are of d rect rel evance to tle dynanics of tle bl ockingsituation
bei ngexam nedin ths study andtruncate at three functi ons, insteadof tle six functions usedby Charney
and DeVore (1979). Tle thee functions are:
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FAz\/Ecosy, Fy=2cosnxsiny, F,=2simxsimw

were tle functi onF, all ows amnal flowsolution, whle tle vave functFpmnd F, perni t asynmetri ¢
forcingat tke bottomboundary of tle noctl. Setting

W:lﬁAFA‘f’WKFK""pLFL
!ﬁ*= EFA—}_I:”T(FK

h

h= 5?1 Fy
we obtain

Ya= —kWa— v +hot. “4)

lﬁ.K: —(@¥a— B —k(Wx—¥%) (5)

Vo= —@uata— B —k(Wx— ) (6)
were

, 2
Vi =8§f”l, hot = Y %y nl :}/12/%2}%’ %1 :nznjynl and  f, :nznjﬁ

Sol vingforth equilibriumsolution of the systemof dfferential equations g ven by Equations (4)—(6),
we arrive at tle followingequation ¥y (lereafter tle overbar will cnote an equilibrium
Y+ v+ v =0 (7)
were
V= = 2% + on ) o,

Vo = (ﬁil +k*+ 28,10 % + hoy (B, — “nl‘ﬁﬂ;())/“ﬁl
and

vy = (B + KW 4 ho b %) o
Tle pol ynomni al form(7) of tle equilibriumequati on slows tlat we can, at nost, lave thee equilibria
forcertain values of tle forci ngparaneters. Tle stability of an equilibriumsolution is cdterni nedfrom
tle claracteri stic val ues of tle th rdorcer coefficient matri x of tle 1inear perturbati on equati on resul ting
fromEquati ons (4)-(6) (Clarney and DeVore, 1979).
Tle equilibri umbi furcati on associ atedw thtle clangs to tle paraneter of mnal 1 y asymmetri ¢ t lernal
forci ngf% fork=2%10"2 hy/H=0.05,n=2,y* =0.21is stownin Figire 7. Bh tle as ynmetri c leati ng

0.05F -

0.000L . . ; . . ]
-0.25 =020 -015 -0.10 -=-0.05 0.00 0.05
¥k

Figire 7. Tle equilibriumbifurcation associatedwithtle chings in tle paraneter of onally asymetric tlermal forcing Tle
ord nate g ves tle values of equilibwynile abscissa g ves tle paraneters of mnal l y asymmetri ¢ tlermal forci ngf. Paraneter
val ues arek =2%10"2, hy/H=0.05, n=2, y* =0.2
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is weak or coolingover tle ocean andleati ngover l and (i .ey% > — 0.05), tle larg-scale fl owlas only

one possible equilibriumstate wichis precdoni natedby tle onal conponent die to tle larg value of
¥, A nunerical evaluation of tle correspond ngei gnval ues Ias slown that this equilibriumis al ways
stable.

Whincreasi ng leati ng over oceans and coolingover land areas ( —0.17 < y* < —0.05), a clang
fromastate of one stable solutiontoastate of two stable andone unstable equilibriumsolutions occurs.
Tk unstable regne is ind catedby tle castedcurve in Figire 7. In ths case, tle atnosplere is di ven
into one of tle two stable andtotally d fferent flowtypes, one onal andtle otler neri d onal . Kvch
stable flowregne tle atnosplere is attractedtois crucially cpencent ontle initial state of tke fl owand
tle way in wichtle surface tlernal forci ngclaings in tine. Once tle atnospere las reacled tle
“attractor basin’ of one of tle stable states, it stays tlere until tk forci ngclangs to dive it away i nto
sone otler attractor basin. Wh tle asymmetri c tlernal forci ngis claracteri zdby strongleati ngover
tle ocean andcool i ngover land(i .e.y¥ < —0.17), tle l arg-scal e f1 owlas onl y one possible equilibrium
state wh chis predomi nated by wave conponent.

Tle two stable equilibriumsolutions forawintertine type tlernal forci ngpattern of rel ati vel y warm
ocean/col dl and(y% = —0.1) are slown i n Fi gire 8. Tle neri d onal fl owreg ne wi t ha pronou ncedwave
conponent (Figire 8(A)) nay be associ atedwitha ‘bl ocked situation, wile tle flowreg ne slown in
Figire 8§(B) is relatednore to a onal circul ation (Clarney and DeVore, 1979). Altlhugtle noctl,
whchis basically conceptual in nature, cannot reveal suchan aspect of a blockingsituation as tle
localizdd pole structure observedover tte NorthAtlantic (Figire 6), tle nockl, as sinple as it is, does
c¢nonstrate that a onal 1y asynmetri ¢ tlermal forci ngis an essential dynami cal factorin c¢term ni ngtle
type of larg-scal e atnosperic fl ow

(A) Stable low index equilibrium
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(B) Stable high index equilibrium
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Figire 8. Streanfunction field of tle two stable equilibyifafor 0.1 in Figire 7 for stable l owandh ghi ncbx equili bria
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Whve, so far, establisleda sigificant statistical rel ati onsh p between tle pases of tle NAO and
bl ock i ngover tle NorthAtl anti c. 3mve al so provi &d usinga sinpl er versi on of tle ClarnglpeVore
tleoretical nockl, a dynamical basis for tle possibility of occurrences (and non-occurrences) of
atnos pleri ¢ bl ock s. Vwi 11 nowproceedto present astatistical rel ati onsh pbetween tle tlermal forci ng
mttern neecedfor a bl ockingsituation (requi redby tle ChariiPeVore noctl ) andtle pases of tle
NAO, andto argie, based on existingevicnce, that tle negti ve pgase of tle NAO is an influential
factorin causingtle tlernal forci ngpattern condici ve to tle formati on of abl ock in tle NorthAtl anti c.
In orcer to exd ore tle rel ati onsh pbetween tle NAO andtle confi girati on of surface tlernal forci ng
we conpare tle conposite wintertine surface ai r tenperature anomal i es (SATA) associ atedwi thtle two
pases of tle NAO, as slown in Plate 1. For tle negti ve plase of tlke NAO, tle dstribution of tle
SATA slows a gneral but dstinctive ‘ varmoceol d1l and pattern across tle midandh ghlatitucks
of tle North Atlantic basin (Plate 1(A)). Tle pttern is, of course, not tleoretically ickal in its
configiration, but tle warmingis centred over tle Baf fin Bagbrador Sea and tle western North
Atlantic. In ths case, were tle surface tlernal forci ngpatternis associ atedw thtle negti ve NAO, tle
onal l y asymmetri ¢ tternal forci ngandt opogaph ¢ forci ngare basical l yin plase, 1.e. leati ngover ocean
andcool i ngover 1 and Tle tlkernal forci ngacts in concert wi thtle resonance forci ngof tle topogapy
and in accorcaince with tle Clarney /DeVore modl prodices an envi ronnent favourable for tle
formati on andpersi stence of bl ocking Fortle positive pase of tle NAO, tle dstribution of tle SATA
anomal i es reflects tle ‘ col docssmrml and (COW mttern (Plate 1(B)) wichis al nost d anetrically
opposite to the tel econnecti on pttern associ atedwi thtle negti ve pase of tle NAO. In ths case, the
onally asymmetric tlernal and topogaph ¢ forcing are out-of-plase, i.e. cooling over ocean and
leatingover 1l and Tle tlernal forci ngredices or destroys tle resonance forci ngof tle topogaply,
mak i ngbl ock formation dfficult, thouginot inpossible.

Nowtle question arises as to wetler tle NAO causes tle associ atedclangs in tle SATA mttern, as
seen in Plate 1. %believe that it is possible. Altlougtlere are studes wichindcate that  North
Atlantic sea surface tenperatures (SSTs) d force tle NAO on a longr than interannual tinescale’
(Rodwel 1 et al., 1999), several investigtors lave al ready cenonstrated that tle surface tenperature
anonal y pattern over tle NorthAtl anti ¢ andadacent 1 andareas is cctermi nedby tle pase of tle NAO
(Nesterov, 1992, 1998). Nesterov (1992) cnonstratedtiat tle NAO pays ‘anmjorrole in tle fornati on
of tle ocean tlermal regne’ andtlat tle SST anonmlies in tlke northiestern North Atlantic lagtle
atnospleri ¢ pressure anonalies tlere by about a nonth Also, tke anonal ous col dhess over tle st
c&cac near Greenl andandtle eastern Med terranean andtle very warmcond ti ons over Scand navi a,
nortlern Europe andtle former Soviet Union are strondy rel atedto tle persistent and excepti onally
strongpositive plase of tle NAO indx since tle earl y 1980s (Hurrel 1, 1995; see al so Plate 1(B)). Using
a multivar ate linear regession anal ysis, Hurrell (1996) slowed ttat nearly all of tlk coolingin tle
nort hiest NorthAtl antic andtle warmi ngacross Europe and Eurasia since tle m ¢1970s lave resul ted
fromtle clangs in tle NAO, withtle NAO accounting for rougly one-third of tlke kem sgeric
interannual vari ance over tle past 60 winters. By perf ormi ngan EOF anal ysis of wintertine sea-level
pressure fiel dover tle Nortlern Heni s pere, Thonps on and W1 ace (1998) foundan annul ar noc t lat
is strondy coupedto surface air tenperature fluctuati on over tle Eurasi an continent. It resenbles tle
nore reg onal i 2d NAO in nmany respects, but its pinary centre of action covers nore of tlke Arctic,
gvingit anore onally symmetri ¢ appearance. Tley refer to it as tle Arctic Oscillation (AO).

Thonps on et al. (2000) vent on to cenonstrate tle contri buti on of tle AO to recent wi nterti ne surface
air tenperature trend. Tley foundthat tle lkemisperic dstribution of tle SATA trendresenbles tle
dstinctive ‘ COW pattern. Also, tle AO domi nates tle wintertine SATA vari abi ity over Eurasi a, one
of tle npst inportant centres of action of tle COWmttern andaccounts for michof tlke contri bution
to tle COWmttern. Tle AO-rel ated conponent accounts for about half of tke observed winterti ne
warm ngtrendover Eurasi a andabout 30% of that over tle Nortlern Hem spere conti nents as a whol e.

Bjerk nes (1964) al so foundthat tle ocean respond to atnosperi c anonal i es oninterannual tinescal es.
Kushir (1994) foundasimlarrel ati on between tle NAO i ndex andSST, as reportedby Bjerk nes (1964).
Cayan (1992), wh le anal ysingconposites of positive andnegti ve NAO nontls in wi nter, slowedtat
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Plate 1. Conposite surface air tenperature anonal y fiel dof wi nter (Decenber—March for negti ve and positi ve NAO. Contour
intervals in °C
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tle NAOis responsible for gnerati ngsystenaticlarg-anpituc patterns in tle anomal i es of w ndspeed
latent andsensible leat fluxes andlence sea surface tenperature over muchof tle extra-trop cal North
Atlantic. It Ias al so been sugestedthat tle i nterannual andl ongr-termchngs in tke wi nter NAO are
an inportant factor in ceterminingtle water tenperature andsalinity on tle 3t Greenl and Bank s
(Buch 1995), tle tenperature andsalinity fluctuati ons i n tle Greenl andand Labrador currents (Reverd n
et al., 1997) andin control lingtenperature anomalies of tle western subtrop cal gre (Mol ehard,

1997). Venegs and Mysak (2000) lave slown that, duri ngtle negti ve pase of tle NAO, tlere is an
enlancedsouthiardextent of tke ice fiel dal ongtle west coast of Greenl and Ths prodices a negti ve
SST anomaly in tle Greenl and Sea. Tlese results reinforce tle role of NAO in ctemining tle
configirati on of tle surface tlermal cond tions in tle NorthAtl antic reg on.

5. DISCUSSION AND CONCLUSIONS

Tle objective of ths study was to cescri be andto @i n a cceper uncerstand ngof tle rel ati onsh pbet ween
tle NAO andbl ockingepsocs in tle NorthAtlantic. Al tloughnany i nvesti gtors lave exam nedtle
NAO andbl ock i ngseparatel y, fewlave expl oredtle statistical anddynani cal rel ati onsh ps between tlem
in aunifiednmanner. 3Vlave presentedstrongevi cence of astatistical relati onsh pbetween tle negti ve
pase of tlke NAO andbl ock i ngin tle NorthAtlantic sector. By apealingto asinpifiedversion of tle
Chlarney and DeVore (1979) tleory of bl ocking tke causal role of tle onally asymmetri ¢ nature of tle
tlernal forci ngin provi d nga favourabl e back goundenvi ronnent for bl ock formation was h dligdted

In orcer to unify tle relationsh p between bl ocking and tle NAO, bel ow we offer a dynani cal
expl anati on by proposi nga conceptual nocl wh chlinks bl ocking tte NAO andtle asymetri ¢ t lernal
forcingas indicedby tle 1 and-sea tenperature contrast.

Results of tle statistical analysis in Section 3 slowedthat tle frequency of bl ockingformation las
sigificant interannual andintercecachl variability. Furtler, blockingis strondy relatedto tle pase of
tle NAO in tle North Atlantic reg on. Seventy five percent nore bl ock i ng cays are observed duri ng
wintertine in tle negti ve pase of tke NAO conparedw thtlose occurri ngdiri ngtle positive pase of
tle oscillation (Figire 3). Tle lifetine of a blockingepsod is also sensitive to tle pase of tle NAO.
®h tle NAO is in tle positive pase, tle lenghof blockingis nminly concentrated near 5—6 days.
MWe in tlke negtive pase of tle NAO, tle dstribution of tle lenghof blockingvaries wi ¢ly. Tk
averag lenghin tle negtive pase is around 11 days, wh chis muchlongr than it is in the positive
pase of tle NAO (Figire 5). Linear regession anal ysis reveals tht about 30% of tle variation in
wintertine blockingin tle NorthAtlantic is accountedfor by tle NAO. Moreover, tle unexg ai nabl e
conponent of tle bl ock i ngbelavi our does not slowa strongtrend Ths sugests that neclani sns otler
thin tle recent warmi ngtrendin tle climate systemnay be responsi ble for th s belavi our. In sunmary,
tle blockingpttern mainly reflects tle superposition of ned umscale waves upon a p anetary scal e
back goundcondici ve to bl ock formati on as exhi bi tedby tle exi stence of tle negti ve pase of tle NAO.

Anal ysis of aloworcr tleoreti cal mocdel (Clarney and DeVore, 1979) sugests that tle NAO-rel ated
dfference in bl ock ingfrequency and persistence are associ ated wi thclangs in tle onally asymmetri ¢
tlermal forci ng Nunerous observati onal stud es (e.g Cayan, 1992; Hurrel 1, 1996, as well as our anal ysi s
of tle tenperature patterns (Plate 1) associ atedw thtle d fferent pases of tle NAO) slowtht, on an
interannual basis, tle NAO nodil ates tle surface tenperature anomal y pattern over tle NorthAtl antic
and tle adacent | andmsses. For tle negtive pase of tke NAO, tle dstribution of tle surface air
tenperature anonalies is tle dstinctive ‘ wvarmogeahdl and’ pattern, wi chenlances tle resonance
forci ng of topogaply and creates an envi ronnent favourable for tle fornati on and persistence of
blocking (Plate 1(A) and Figire 8(A)). For tle positive plase of tle NAO, on tle otler land tle
dstribution of tle surface air tenperature anonalies is tlke dstinctive ° coladwtemd pttern,
wh ch redices or cestroys tle resonant forcing of tlke topogapy and is ctrinental to bl ocking
formati on and persistence (Plate 1(B) and Fi gire §(B)).
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Conceptual Model for Blocking

Blocking 4—— Phase of NAO

Land Sea Temperature
Contrast

Figire 9. A conceptual nocel exp ai ni ngtle dynamical 1ink between tle NAO andtle NorthAtlantic bl ockingvia tlfséand
tenperature contrast

Based on tle dynani cal franework provi ced by tle 1 oworcer Clarney /DeVore nodel with n whch
our statistical results linking atnosperic blocking to tle pase of tke NAO is interpeeted we
crystalliz tlese i ckas in a conceptual nockl in whchtlese thee conponents (tle NAO, bl ock i ngand
tle tlermal contrast between tle land and tke seas) are interrelated (Figire 9). Tl dynami cal
connection between tle NAO and bl ock ingcan be exd ainedas follows: tle pase of tle NAO, to a
larg extent, cetermines tle land-sea tenperature dstribution over tle North Atlantic and tle
adacent landmss. As elucidted by tle sinpifiedloworckr tleoretical noctl, ths dstribution, in
turmn, controls tle nature of tle atnosperic flow wichis eitler an anpified nerid onal wave-like
flow (favourable for bl ock formation), or a nore onally orientated i.c. unfavourable for bl ock
formati on. This, a possible pysi cal
nechini sm that connects blockingepsods to tle pmses of tle NAO is expdainedin ths nocl.
Blockingevents in tle NorthAtlantic d also occur duringtle positive pase of tle NAO; lowever,
tley are 1ess frequent andtleir lifetine is consicrably slorter tlan duringtle negti ve pase of tle
NAO.

Tl present investigtion las reveal ed several inportant aspects of tle relationshp between tle
NAO and bl ock i ng One of tle nuin slortcom ng of our conceptual nockl is that it des not expl ain
sone cetailedaspects, suchas tle localizdd pole structure preval ent in bl ockingevents in tle North
Atlantic. Also, addtional analyses and nunerical sinulations are neecetd so that tle inpact of
blocking on tle NAO and tle feedack pocesses between tle two penonena can be fully
uncrstood to exd ain, for exanpl e, wly bl ockingal so occurs diringtle positive pase of tle NAO
andwy tley d not last as longas wen tley formduringtle negti ve pase of tlke NAO.
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