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Résumé 

Unp étude diagnostique, comparant des évènements persistants de 

la haute atmosphère, tels que simulés par un modèle de circulation 

générale (MCG) et tels qu'observés, est présentée Nous commençons 

d'abord par un survol des différentes théories tentant d'expliquer 

l'existence de ce genre de phénomenes Nous nous attardons tout par

ticulièrement au modèle propose par Shutts (1983) Ensuite, nous 

montrons que les dis tribut ions dans l'espace d' évenements simulés et 

observés sont qualitativement tres similaires Les situations ayant 

cours au-dessus de l' Atlant~que-Nord sone retenues dans le troisième 

chapitre, ou une analyse de ces donnees en termes de fonctions 

empiriques orthogonales ayant subies une rotat~on (REOF) est effectuee 

Les deux ensembles de modes qUi resortent de cette analyse, 

les donnees du HCG et l'autre pour les observat~ons, se 

l'un pour 

ressemblent 

étonnament. Tous deux expliquent approximativement 50% de la variance 

contenue dans leur donnees respectives Les relations entres les modes 

d'un même ensemble sont également présentees, illustrant ainsi l'évolu-

t~on probable des Situations ou ces derniers sont importants Le 

quatriè1'\e chapi tre contient une évaluation de la théorie de Shutts Les 

résultats de l'analyses du troisième chapitre sont alors utilises afin 

de n'extraire qUE' les evènements correspondants à un type bien par

t~culier, l e les dipo les prononces +ATL2 Les champs de tendance 

temporelle associes aux ondes synoptiques de courtes durees sont évalués 

à l'aide des vecteurs E, tout en prenant bien soin de distinguer entre 

le début, la phase mature et la fin des évènements Il en ressort que 

ces ondes synoptiques semblent avo~r un effet déterminant sur le cycle 

de vie moyen des eveneme:lts du genre +ATL2, et ce dans le MCG et dans 

les analyses du NMC ~melicain 
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Abstract 

A comparative diagnostic study of upper-air persistent atmos

pheric events, as simulated by a general circulation model (GCM) and as 

observed, is presented We start with JU overview of the several theo-

ries that attempt ta explain such phenomena. Partlcular emphasis is put 

on the model approach of Shutts (1983) We next show that the spat1al 

distributions ot persistent. ever,ts is qualitat1vely sirnilar in the GCM 

and observational data The North-Atlant1c evenls are extracted and a 

rotated empir1cal orthogonal [unction (REOF) analys1s 15 done on the re

sulting data sets The two REOF sets that are thus obtained are shown 

to greatly resemble one dnother Both pxplain roughly 50% of their 

original data's VJr1anCe The relationshlps between lhe modes with1n a 

set are presented, 50 as ta understand the1r probable comb1ned evolu-

Cloon The [ourth chapter contai ns an evaluat10n of Shutts' .heory 

There, the third chapter' s resul ts are used to 

class of €'vents. namely the strong +ATL2 dipoles. 

isolate a particular 

The time-tendencies 

assoclaled to short time-scale synoptic wavùs are evaluated, using an E

vecCors approach. laking care to dist1nguish between the onset. mature 

and demise phases of the events. l t seems that these synoptic waves 

have a signlficant 1mpact of the average life-cycle of this +ATL2 type 

of events, whether the y be simulated by a GCM or obtained from a NMC set 

of analyses. 
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1 
Statement of originality 

The contributions to original knowledge to be found in this 

thesis are the following: 

1) A time-wise breakdown of the upper-air streamfunction variances 

and kinetic energies of observations and of simulated data is 

first presented. This shows that a further, more exhaustive, 

comparative study of mode!led and observed mid-latitude 

persistent events 1s indeed possible. 

2) An objective criterion is proposed by which most instances of 

these persistent atmospheric anomalies can be identified in ei

ther the northern or the southern hemispheres 

3) This permits a complete rotated empirical function analysis of 

these events, thereby producing a classification of the princi

pal modes accompanying strong mid-Atlantic 50 kPa persistent 

anomalies The ~Jdel and observation classifications are shown 

to closely parallel each other 

4) Iole finally use this classification to determine the influence 

of high-frequency (synoptic-scale) transients on the life-cycle 

of one of these types of modes, the so-called ATL2 mode. The 

synoptic events are fa und ta elther enhance or hinder the ATL2 

mode, depending on whether we consider the mode's onset or de

mise stages, respectively. 
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Blocking theory survey 

1.1 Introduction 

Chapter 1 

B10cking the ory survey 

1 

A great deal of work has been done in the last ten years or sa with 

regards to the persistent circulation anomalies known to the meteorolog

ical community as blocks, their initiation, maintenance and eventual de

mise. While sorne of this work has been concerned with a better observa

tional description of the phenomenon, quite a few theor~es have been 

proposed that attempt to explain one or another aspect of these impor

tant atmospherlc events We propose ~n the following to evaluate these 

theories using, when appropriate, diagnostic tools applied both to ob

servat~ons and to a long-term atmospher~c slmulatlon by a general circu

lation model (GCM). 

This first chapter starts by giving a quick review of the main 

points modelers have tried to reproduce from atmospheric observations of 

blacks. Secondly, a more extensive overview is given of the more promi

nent modeling approaches taken in blocking s tudies, and the lmportant 

results obtained in each are discussed. No attempts are made to men-

tion aIL of the different varlations pertainlng ta a given approach A 

third section will concentrate on one of the theories that seems most 

~romising and is also more amenable ta numerlcal evaluation using a GCM 

The entire chapter should be vlewed as the prerequlsite step in an eval

uation process of recent blocking theories in a prlmitive equations con

text. The goal i5 to identify the better documented or more promising 

theories pertaining to b10cking 50 as to verify or invalidate them (if 

possible) using a higher level model. 

Certain maln references turn out to be extensively used in this 

chapter. They are the March 1983 issue of the Australian Meteorolog~cal 

Magazine and Hoskins and Pierce' s 1983 Large Scale Dynamical Processes 

in the Atmosphere. Nore classical review5 such as Bengston' 5 contribu

tion to the 1979 ECMWF summer seminar have also been found useful. 

• 1 
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The second chapter describes certain aspects of the basic (seasonal 

and annual) climatology of the simulated and observed data sets, with 

special emphasis on blocking. An objective criterion will be given with 

which the events can be defined. Both Northern and Southern Hemispheres 

statistics are considered. The work of Dole and Gordon (1983) is par

ticularly rel evant to this part of our thesis. 

The third chapter presents a rotated empirical functions (REOF) 

analysis of certain of the anomalies that are identified in the second 

chapter. The mathematical and statisticai methods that are used 

throughout are discussed in more detail in Appendix A. This Appendix 

should be consuited by readers not already acquainted with the princi

pIes and properties of REOFs. The main result of the analysis i5 a 

breakdown of the simulated and observed persistent anomalous events in 

terms of a small number of physically meaningful modes of atmospheric 

variations. Each of these can be immediately identified to a specifie 

atmospheric situation. The GCM and observed versions of these modes are 

shown to be very similar. The mutual and self interactions of these 

modes (in terms of lag-correlation statistics) is discussed in an 

attempt to understand their probable time-wise evolution. 

The fourth chapter contains a short diagnostic study where a par

ticular physical mechanism, the theory of which is reviewed later in 

this Urst chapter, is evaluated whereby blocks could be ei ther created, 

maintained or destroyed. This should be compared to the work of Mulien 

(1981), where the same mechanism is indeed considered but with different 

diagnostic tools and without our particular emphasis on the different 

stages of the events. 
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1.2 Observational model 

Ail of the blocking theories try to fit sorne accepted observational 

model of atmosphen.c blacks. A very extensive such model is the one 

presented by Dole (1982). Except when specifical1y stated otherwise, we 

will refer ta this study when comparing theoretical results ta observa

tions in this chapter. 

A quick qualitative descrlption of the main points mocielers have 

tried ta reproduce would be that : 

1) Full blown blacks exhibit equiva1ent barotropjc vertical struc
tures. Their vertical temperature structure is that of warm anom
alies throughout the troposphere and cold anomalies in the lower 
stratosphere with very litt1e anomaly line tilt in the vertical, 
except at the surface and tropopause 

2) The three preferred northern hemispherlc (NH) geographical POS1-

tions for the blocks are the North-Atlantlc, North- Pacific and 
northern USSR, the first two being the most important. Although 
blocks do occur in the Southern Hemisphere (SH) (Van Loon, 1956, 
Taljard, 1972, and Trenberth and Mo, 1985), very few modelers have 
tried ta model them The preferred position seems ta be south of 
New Zealand with a secondary preferred position south-east of 
South America. 

3) Blocks occur a11 through the year but are most frequent in late 
winter, early spring and late summer, early autumn (Knox and Hay, 
198~, for the NH and Hirst and Linacre, 1981, for the SH). 

4) The accepted duration and amplitude criterla are of the arder of 
five ta ten days wlth an amplitude in the NH of 100 gpm at 50 kPa 
(lower in the SH). l t has to be remembered though, that Do le 1 s 
study shows no preferred time duratlon for circulation anomalies. 

5) Blocks can occur in groups of one, two or three. Solitary blocks 
are not at aL. uncommon. In fact single blacks are mare the rule 
than the exception in the SH (i.Jright, 1974). 

6) The spatial extent of blocks is smaller in the SH th an ln the NH 
where Austin (1980) assaciates them ta a wavenumber 4 amplifica
tion occurrence in the Pacifie sectar, consistent wi th the Rex 
(1950a) critenon of at least 45 degrees of longltudinal extent 
(ar compare Dole's NH blacks wlth Wright's SH blacks). 

Other aspects will be mentioned as required by specifie thearies. 
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1.3 Theoretical overview 

We now consider, in arder, the modon blocking theory of McWilliams, 

followed by considerations of sorne of the asymptotic approaches that 

have been attempted. Charney and DeVore's multiple equilibria the ory is 

discussed after that, followed by a section on linear stability analysis 

and their possible application to blocklng. The section ends with a few 

of the resonance theories. 

1.3.1 Solitary eddy solutions (SES) or Modon solutions 

Many authors have used nurnerica1 approaches but very few analytic 

Lheories have been produced In the latter, simplificatlons are 

generally introduced to obtaln a more tractable problem, such as to im

pose weak non1inear interactions, in Malguzzi and Halanotte-Rizzoll 

(1984), leading to weak (i.e. small amplitude) perturbations, or ta 

simply specify constant zonal wlnds, which then results in a linear 

problem, in Tung and Lindzen (1979a) 

As of now, however, the only fully nonlinear and fini te amplitude 

theory of blocking of realistic flows has been the modon, ~olitary ~ddy 

solution or SES (Flierl et al., 1980, McWi1liams, 1980, dnd Baines, 

1983). Modons specifically address the equivalent barotropic, station

ary and local features relevant to blocks. The solutions are required 

ta be steadily translating, local structures of the equivalent 

barotropic stream function. McWilliams has named them equivalent 

modons. One finds, ln Flierl et al. (1980), the analytic denvation of 

the solutions for the more general two-layer model \.fuile there is a 

family of such solutions, McWi1liams is concerned with only one of them 

(see Berestov (1981), for a discussion of che ocher ~olutions). The 

shape of the retained solutlon is that of a vortex pair similar to cer

tain occurrences of blocking sllch as the January 1963 North-Atlantic oc

currence (see O'Conner, 1963) and, in the case where the zonal wind far 

enough upstream of the blocking region is zero, the range of acceptable 

translating speeds turns out to be disjointed from the one pertaining to 

the linear Rossby wave problem. The current problem' s solutions are 
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thus fundamentally different from the more usual Rossby solutions of the 

linear problem. 

It is interesting ta note that once the translating condition has 

been used, the resulting boundary value problem is very similar to the 

noninteractlon condition used by Mitchell and Derome (1983), that is, 

the potential vorticity is a function of the streamfunctlon (or rather 

streakfunctlon in Flierl et al ,1980). This condition will be discuss

ed again later in more detail when reviewing Mitchell and Derome' s 

paper. 

The modon solutions have an inner (blocking) and an outer (normal) 

region The local wlnd (defined in this normal outer reglon) is sup

posed to be unlform As of now, this is an essential lngredlent in 

Flierl et al 's problem, but clearly, it would be lnteresting to know if 

modon solutions exist Hl a variable upstream wlnd field McWil1iams 

seems to imply that they do, but does not use them. This generallzation 

would strengthen the theory and could possibly ease its verification. 

It could also help explain the preferred posltions that blacks exhibit 

The range of modon translation speeds depends Ilnearly on the value 

of the local wind. This proves to be one of the points causlng problems 

in the theory' s verification since it is difficul t ta know how one de

fines ln practice. A slmple time-averaging procedure ta determine this 

local wind is unsatisfac tory since the combination of nonlinear solu

tions will not automatically yield another nonlinear solution. 

McWilliams tried to fit the 1963 case ta the theory and his results were 

at best inconclusive The problem seems to be that the transient nature 

of the real atmospherlc flow is not taken into account in the modon the

ory. The solution itself lS purely steady-state. There is little need 

to point out that climatological wlnds such as those found in Oort and 

Rasmusson (1971) fai1ed the verification test even more seriously than 

dld the 1963 North-Atlantic winds 

The theory as presented by McWilliams does not include any forcing 

and, given the dissipatlve nature of the real atmosphere, this proves to 
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be unsatisfactory Baines (1983) included such forcing relevant to the 

New Zealand sector, without changing the structure of the equation. The 

solutions were thus of the same type as in the or~ginal problem and the 

diabatic forcing requlred by Baines' modification could very well be 

produced by certain local SST patterns Baines remarks that the~e would 

not need be 50 strange as to completely rule them out. 

We can ask ourselves to what extent such modon solutions can really 

be identified within a transient fluid such as the dtmosphere. It seems 

that the necessary s~mplifications (here, stationarity) permitting ana-

lytic solutions render the results difficult to verify A point that 

can he]p ta explain the difficulty in identlfying atmospher~c modons is 

the fact that their north-south asymmetries can be masked by additional 

stationary solutions to the bas~c Equations. solut~ons termed as rLders 

in Flierl et al. (1980). The stat~onary nature of th~s theory should be 

compared with the essentially trans~ent nature of the blocking theory 

presented in Shutts (1983), to be discussed later 

The local aspect of the SES theory should be stressed as it is an 

essential part of it Baines (1983) considers that this makes lt the 

theory that ex?lains most satlsfactorily the ma~ntenance of blocks in 

the SH, Whether this local characteristic of modon solutions can be in-

voked to explaln NH blocks, which appear tü be more of a planetary scale 

than in the SH, remains to be seen. On the other hand, cons~der Held 

(1983) . In hlS review paper on statlonary eddies, Held presents the 

combined and separate responses of a barotroplc channel model with zonal 

basic winds and realistlc Ekman damplng t~me (as defined by Charney and 

Eliassen, 1949, ta be of the order of five days) to the two maln 4S
o

N 

topographie forclngs. The Tibetan Plateau and Rockles forcings display 

very Little interference between each other and he concludes that one 

could "think ~n terms of wavetrains emanating from localized features" 

This local view of ~H eddies is encouraglng for the modon theory 

proponents. To our knowledge, verification of the SES theory has not 

yet been attempted ln the SH 

Another encouraging aspect of the theory is that presented in 
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McWilliams et al. (1981). Numerical experiments presented by these au

thors, done with a gr id point barotropic model, show that the modon so

lutions are robust with respect to the inclusion of vanous scales of 

perturbations dnd are stable with respect to change in spacLal resolu

tion. 

1.3.2 Asymptotic theories 

There is a f,,"mUy of asymptotic theories, and a wide range of ap

proximations have been used to build them, that rely on expansions of 

the governing atmospheric varLables about one or more small parame tet'. 

The latter can, for example, represent the weakly nonlinear nature of 

the flow, the long longitudinal scale, the slow tlme scale on which dis

persion takes place or the weak forcing which lS applied ta the 

equations. 

This approach gives eyact solutions ta the (at sorne fini te arder) 

expansion of the (appropriately simplified) governing equatlons ln terms 

of its small parameter It thus allows us to lsolate and understand 

different processes that, in a more general framework, can be masked 

and/or occur ln con]UnctLon wlth other processes The main limitations 

of this approach are, flrstly, that the small parameters that are used 

do not necessanly remaln sa and the approach then breaks down, and 

secondly, that the relevance of these small parameters ta observations 

is not always obvious from the start. 

One justification of the weakly nonlinear approach can be found in 

Illari and Marshall (1983) and Il1ari (1984). These authors show that 

there exist a nearly linear relationship between the geopotential height 

cI> and the potential vorticity q on a given pressure surface in the vi-

cinity of an observed block (July 1976, Northern Europe) In other 

words, q was found to be nearly constant along quasl-geostrophic stream

lines 50 that the Jacobian of the geostrophic streamfunction ~g and po

tential vorticity was then minimal (1 e. J(q,~u);:O;O), leading to small 
o 

nonlinear interactions over the blockLng Legion. The only event stud-

ied, though, i5 the July 1976 Northern Europe block. Derome (1984) 
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finds that this assumption ho1ds (although ta a lesser degree than in 

Illari' 5 study) at the top of the troposphere when considering zonally

and time-averaged data (here, January 1979) north of the tropospheric 

j et stream. We now examine theories using this weakly non-1inear hy

pothesis. 

This asymptotic theery discussion will be restricted to the work of 

Malguzzi and Malanotte-Rizzoli (1984). Patoine and Warn (1982) and Warn 

and Brasnett (1983). 

Malguzzi and Malanette-Rizzoli (1984)1 consider quasi-geostrophic 

inviscid motion on a ~-plane They End analytic weakly nonlinear solu

tions te the stationary potential vorticity equation They thus model 

the mature steady phase of blocks. Their (artificial) background zonal 

wind U has meridional as weIl as vertical shear and the solutions are 

horizontally as well as vertically trapped by this profile, this being 

do ne to ensure energy confinement (and initial buildup) in the zonal 

wave guide defined by U Note that this is also an appropriate condi

tion if the mechanism responsible for the block's initiation is supposed 

to be sorne kind of Rossby wave resonance, as in Tung and Lindzen 

(1979a, b), where it is indeed required. 

Of the two fashions in which nonlinearities can be considered a 

higher order phenomenon, the more desirable one in the prob1em of blocks 

is to have a weak perturbation streamfunction. The other fashion, weak 

meridional shear, can be shown to produce solutions that have zero ver

tical means (see Flierl, 1979, and Malanotte-Rizzoli, 1984) and the de

sired solutions would not be equivalent barotropic. 

It i5 possible to separate the longitude dependence in the prob1em 

sa that the latitude-height problem i5 described by a llnear 

Schroedinger eigenvalue problem at finite order while the longitude 

structure obeys a KdV equation at first arder. This is obtained by bal

ancing the weak nonlinearities by the weak dispersion. The linear prob-

lHereafter referred to as MMR4. Their 1985 article will be called MMR5. 
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lem then has a complete set of orthonormal eigen solutions (in MMRS). 

The perturbtit~on streamfunction solution ~s of the well-known 

soliton type. that is, hyperbol~c secant squared in longitude, times one 

of the eigenfunctlons of the linear problem ln latitude and helght The 

latter have to be found numencally, given the U(y,z) profile The 

eigenfunctlon lS then chosen to ensure an equi valent barotropic solu

tion The eombination of the gravest acceptable eigensolution, which 

turns out ta be the second ùne, anr1 the KdV solution yields ldealized 

but recognlzable vortex pair blocks and perturbation geopotentlal ampli

tudes of up ta 100 m at 50 kPa, consistent wlth expected values 

The ma~n dlfficulty these duthors ldentlfy is that the same wave 

confinement condition they requlre may a150 ensure baroclinlcally un

stable background winds On the other hand, thev also qualitatively 

show that the inter~or region of their black has enhanced stability with 

respect ta i ts surroundlngs. The other (conceptual) problem of the 

5mall amplitudes of the perturbations is addressed by the authors in 

their 1985 paper where they use a finite amplitude nonlinear truncated 

spectral model that essentially manages ta reproduce the analytic re

sults. 

In an earlier study, Patoine and Warn (1982) had used an approach 

similar to that of MI1R4 with a weakly nonllnear asymptotic theory In 

fact, they arrived at the same unforced stationary small order KdV equa-

tion as MMR4 but did not solve for the finite order problem Their main 

result involves the (asymptotic) time evolution of their soliton solu

tions in response to weak local topographie forcing The ease of weak 

periodic forcing had been addressed in Trevisan and Buzzi (1980) In 

Patoine and Warn, the solitons end up being attached to (or captured by) 

different parts of the topography, depending on aspects of the latter 

Warn and Brasnett (1983) extended the prev~ous work by including 

Ekman damping and comparing the effect of the relative amplitudes of the 

(jnitially traveling) soliton and topographic forcing on the amplitude 

response of the (finally captured) soliton. When the capture mechanism 
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is operative, significant (resonant) amplification is shown to occur and 

the final soli ton position is upstream of the topography. 

The relevance of weak topography is not entirely clear in the case 

of observed blocks when significant topography may not even be present, 

as in the North-Atlantic, or may simply not be weak at aIl, as in the 
, 

North-Pacifie. On the oher hand, land surfaces are indeed found east of 

these two preferred blocking positions 

1. 3.3 Multiple Equilibria 

Since the works of Charney and DeVore (1979) and Wiin-Nielsen 

(1979), where the possibillty of multiple atmospheric equilibnas first 

mentioned, quite a few studies on the subject have been produced The 

former authors put this result ln the context of atmospheric blocking 

while a more cautious Wiin-Nielsen only hlnts that it "(. ) corresponds 

to the general synoptic experience that certain waVE- configurations in 

the atmosphere may persist for a relatively long time while others, pre

sumably corresponding to the unstable cases, wlll break cown ataa fast 

rate". One of the aspects shared by most authors is their use of sev-

erely truncated models Leith (1983) in a revi.ew artlcle dealing with 

predictability of atmospheric flows considers that "The maln concern 

with these studies has been thelr severe truncatlon As more and 

smdller modes are lncluded, will they serve as random stochastlc ele-

ments increasing the transition probability between states ( )" 

In a recent review article, Tung and Rosenthal (1985) (TR) have 

shown that although multiple equilibria do in fact occur in barotropic 

models, the necessary conditions for that may be quite unrealistic. An 

essentlal distinction here lS the one between steady and periodic or re

gime equilibria. In their article, IR are concerned wlth stecldy equl

libria of barotropic flows as in Ch,nney and DeVore (1979), Charney, 

Shukla and Mo (1981) or Legras and Ghil (1985) Reglme equllibrla lS a 

concept introduced ln Relnhold and Plerrehumbert (1982) and is discussed 

later2 Gravel (1989) discusses perlodic equllibria of barotroplC 

2The first three are respectively referred ta as CD, CSM and LG while 
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flows. 

In the steady equilibria theory, the unrealistic parameters or 

conditions can be very weak Ekman damping and very low spectral resolu

tion of the forcing (as ln Leith's comment) as ln CD and CSM, or very 

high zonal winds and sources of vorticity that prove to be unphysical as 

in LG. 

To be more specifie, It was found by CSM that under certain parame

ter values, the zonal flow of their system exhibits several equilibria 

values between mountaln torques produced by a one meridional mode topog

raphy and the tranSlent momentum flux ln a ~-plane channel One of the 

stable equillbrla corresponds to Li (normal) high zonal index and the 

other ~ low (biocking-like) zonal Index The mechanism malntalning the 

low-Index solutIon IS seen to be a form of damped resonance to (form 

drag) topographie forcing. In fact, resonanee of this or another type 

is an essential part of aIL multiple equilibria theory 

TR first point out that instead of a five-day Ekman damping time CD 

and CSM actually use a 14-day one. Secondly, if the topography is al

lowed to have more th an one meridional mode (which TR term the nonlinear 

case) the multlple equilibna disappe.:u Finally, r-hey point out that 

the momentum drl ving term used by CS~1 is unrealistically large 

Note that :IItchell anJ Derome (1985) dlso run Into tins last type 

of problem in their topographie resonance theory They show that It is 

related to the choIce of background wind profiles It would seern that, 

if instead of chooslng a basic SIne wave ln latitude (as in CSM and 

Mitchell and Derome, 1985), one were to add a constant value to this, 

the zonal wind for whlcn the external (barotropic) large scale Rossby 

',.,rave becomes resonant (5 tationary) is greatly redueed, as in Dionne et 

al (1988) In this latter case, the zonal momentum driving term need 

not be as large 

the last is referred to as RP. 
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TR also discuss the energy source used in the different equivalent 

barotropic models to balance the presence of dissipation. They stress 

that one should not use a momentum driving term that appears in the po

tential vorticity equation as a vorticity source since that equation has 

no such term, even though many authors have used i t, as CD, LG and 

Kalnay-Rivas and Merkine (1981) The forClng should instead appear in 

the zonal index equation as a (climatological) momentum flux across the 

lateral boundaries Taking this forclng into account, as in LG, elimi

nates steady multiple equllibria in these barotroplc models, unless one 

considers unreasonably high zonal momentum driving. 

TR's ideas are here in agreement with zonal budgets of the differ

ent terms in the vorticity (or potential vorticity) equation On the 

other hand, transient vorticity sources can 10cal1y be of the same order 

as the dominant advection terms, a!:> presented in Lau (1979) This is 

certain1y true over the main oceanlC storm tracks Baroc1inic processes 

convert potential to kinetic energy ln these regions This latter could 

then conceivably be made available to purely barotropic processes. The 

question of advisability of including or not such mid-channel energy 

sources in equivalent barotropic models does not seem obvious to this 

author. 

Others have tackled the multiple equilibria problem from a more nu

merica1 point of view and RP are among those. They present results from 

a very long (257 years, 1.5 million tlmesteps) numerical integratlon of 

a two-layer (severely) truncated spectral channel model. They Include 

modes with barotropic and baroclinic components and are thus able to ex

amine the minlmum interaction of one type of wave on the other, particu

larly in regards to the transition between the different preferred cir

culation regimes they find. 

One of their first conclusions is that "knowing the large-scale 

equilibria and their respective stablilties ( ) lS insufficient infor

mation ln determining the qUdlitatlve aspects of the quasl-stationary 

time-independent flow". For one thing, synoptic scale disturbances mask 

the large scale equilibria patterns so that they seem to appear and dis-
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appear. 

In fact, the presence of these disturbances as weIl as the interac

tions between them and the large scale flow turn out ta be essentia1 

aspects of RP'5 simulatlon This i5 shawn by removing the wave-wave in-

teractions In that case, transitlon from one type of regime to another 

does not occur. This is qUl te interesting ln V1CW of the proposltion 

made by Green (1977), developed bl' AustlI1 (1980) a.nd Shutts (1983) and 

partialiy substantlated bv Mullen (1987) from observatlons and GCM sim-

ulations In Austln's theory, these interactions provide the mechanism 

that maintains blocking eplsades as a resonant response of a planetary 

scale wave ta trans l.ent synoptic forcing 

theory 

\Je will come back ta this 

RP present a theory of feedbacks between synoptic and planetary 

scale waves, the former set up the transition from one circulation re

gime to another while the latter modulate the trans ient synoptic - scale 

transports They arrive at the first result through a budget analysis of 

thelr simulated data and at the second one by a linear stability analy

sis of thelr regimes and their lmplied transports. The results are more 

of a qualltative nature and exact criterla for transltion are not pre

sented However, the theorl' would not only explal.n the start of block

ing episodes but aIs a thelr demise The transition ume scale ln the 

model is of the arder of the synoptic tlme scale, ln concordance with 

the observatlon that blocks appear and disappear fairly rapidly, inde

pendently of their duration. 

Do1e's finding that blacks do not have preferred duration is one of 

the characteristics well reproduced in RP's simulation. They also find 

evidence that more than one dynamical process may be active and dominant 

throughout the :L'eglme hfetl.me, agal.n ln agreement Wl th Dole Hullen 

(1987) also suggests th~s ln concluding hlS diagnostic study of blacks 

The initial and mature phase of blacks could very weIl be controlled by 

processes having different persistence statistics. Baroclinic and 

barotropic processes cauld very weIl be both relevant. 
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The value of the paramf' ters used in RP' s mode1 are not those found 

in nature, but they are rather chosen 50 that the simulated flow he it

self similar to the observed one ln terms of scale behaviors The topo

graphie and latent heat forclngs are of the single l11erldion<11 mode V.n-l

ety. In view of a11 thls, one ("Ill wonder ta wh3t ('xtC'nt the critici.sm 

of TR on stable multlple equllibrld [or equlvalent barotropic models dp-

plies ta RP' s model, if they do dt aIl In fact, Ceheleski and Tung 

(1987) have investlgated RP' s model depelldence on <,pVE're trullcdt ions, 

but without changlng any of lts other parametpr values. They pstablish, 

with the aid of blfurcation theory, that under these cireumstancE's, only 

one weather reglme eventually .surVlves the increase III the Ilumber of 

modes The resulting reglme loS already qualltatlvely stL1blc, wlH'n only 

four longitudin31 and four Lltltudinal degrees of freedom are consld

ered. Ceheleski and Tung explaln that, by relaxlllr, t 111:' ',evere' trunca

tian constraint, d vortici ty cascade (arlsing from trlad interactlons) 

ta smaller scales is 110W permitted sa that the larger scale tlow 1S less 

chaotie (but still unpredictable in detail) Reinhold (1989) h.Js, ln 

turn, crlticlzed Ceheleski and Tung for using parame ter values that are 

inappropriate for these hlgher resolutlon models 

Gravel (1989) seems to answer most of TR' s objf'ctions 3 and, .lccord

ingly, her mode1 does not conta in multiple stationaey equilibri.J. Rdth

er, she flnds, again with the methods of bifurcation theory, two 

branches of Solutlons for the same parameter values, one of which cor

responds to the stationary zonal tlow iound by TR .md the ot.her i S <l 

very slow1y oscl11atlng blocking mode. As her model i5 hemispherlc, 

TR's objection to either the channel width or ta the boundary conditions 

used by previous authors are also answered Note that a ~-plnlle version 

of her model was also found ta display these two types of lIIultIple eqlll

librla, but then, only for an unacceptably large 7ü-clay dtffus10n 

All that can be sa id in the end 1S t.hat \t,hllc the lIlult ipll' 

equi1ibria approach seems in the tirst lnstance to be a reasonablp Olle, 

both Tung and Rosenthal (1985) ,md Ceheleski and l'lllg (]')Hl) IJavp C.I',t 

3For example, she has high model resolutions (t'n trldllf\ul.lr-llI'lnl·,phl'rlc 
T9), realistic Jet speeds and realistic 8-day diffu',lon 
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very serious doubts as ta its simple application. It still remains one 

of the attractive theories (or concepts) attempting to explain why dif

ferent weather patterns, including blacks, occur and why the atmosphere 

shifts from one to another. 

1.3.4 Linear Normal Modes 

Once the equations describing atmospheric motions have been linear

ized around a certain basic state and the choice of spatial basis func

tians on WhlCh ta project the different fields has been made, one is 

left with an ordinary first order set of equations in time. If we fur

ther choose the time projection as a complex exponential, we obtain a 

complex eigenvalue problem in frequency Eigenfunctions corresponding 

to eigenvalues having non zero imaginary parts will be amplifying or de

caying exponentially in time, while the others will be oscillating. 

The resulting eigenfunctions are termed linear normal modes. The 

most uns table modes to linear perturbations are the ones having largest 

imaginary frequency components and the idea is that these should come to 

dominate the perturbation flow in the absence of dissipation and 

nonlinearities One of the baSiC hypotheses in this approach is that the 

anomaly spatial structures can be deduced from the normal modes even if 

the eventual amplitudes cannot be. 

None of this is particularly new but it has found renewed interest 

in atmospheric dynamics. The reason for this interest is that to accu

rately represent atmospheric motions, quite a few spectral modes have to 

be retained in the first projection and the eigen problem that follows 

has degree equal to the number of independent spatial components The 

problem quickly became impossible to handle on any of the older genera-

tians of computers Shortcuts exist that Cdn simplify this problem. 

The most obvious is the use of zonal basic states and barotropic channel 

evo1ution equation and this was done as far back as 1949 by Kuo. But 

now, modern super-compute~s allow the solution of the problem with ever 

more complex basic states and ever more realistic equations. 
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In the last few years, contributors on the subject of lincar modus 

have used full sphericnl geometry to rcprcscnt their basic states and 

either bnroclinic (see for pxamplC' FrC'dt>rikscn, 1983) or har0lropic 

models (as in Simmons et dl , 1983, hcrcaftt>r l"C'fClTcd to .18 SWB) SWH 

couple linear normal modes wnh (':~t(,I15ivc 1 inc'ar Lind nonlinco.ll- t unD 111-

tegrations of their model where the Lebolutloll, damping dm} f(ll"Cll1g 

change, thus verifying the normal mode calculations undf>r morC' /'.('I1('r<11 

assumptions. 

The barotropic calculation, when done using NB winter latitude

longitude-dependent flows as basic "tates, have bhown il ..,trong rcspm

blance between the observed low- frC'quency wintcr Varli1nCp ovC'r Ilortllerll 

oceans and northern USRR (Wallace clnd Blackmon, 19H3), and thl' 1Il0bt UII

stable barotroplC normal modes. Blocking eplsodes do in tael contnbutp 

to this range of frequencies and the preferred bloekirlg )lobitiollb wi 11 

correspond to centres of high variance in these frequp.l1c ieb Nonli near 

damped liltegrations of the model produce flows that osclllate about lIew 

mean flows not too different from the integration's initial basic state 

We are shawn synoptic maps of relevant parts of one such oscillation 

The flow actually takes on the aspect of an East-Atlantic split flow for 

som2 time durlng this period. Normal mode calculdtions ~.how that the 

new mean state remained linearly unstable ta barotropic clibturbancf's 

But, i t is still no:: clear ta what extent the (mature .1Tld equi valent 

barotropic) blocking patterns (in the NH at least) are barotroplcallv 

unstable or even the result of barotropic instabillty 

tlons for SH winter cases would be interesting. 

Simildr calcula-

Frederiksen' s approach seems to yield modes th<tt opC'rate O!l ':,Illallt·r 

spatial and temporal scales, as would seem approprlate s Ince he cons id

ers baroclinic (synoptic) processes In fact, his alder re<,1I1u, ',C('III lü 

have more relevance to the high-pa5s frC:!quency l"Cf',lOn ldenLlfi(·d by 

Blackmon (1976) th an on the band-pa<;s or low-pa5~, )"é/jJOIl''; III dllY 

event, he shows that in one case, where the vertical profile ot tilt' wind 

was allawed to be moderately unstable, the ~ar '",inlr!r prC'iern'd 

baroclinic normal mode 50mewhat resembled the compo!-.lte blocklnr, prucur· 

sor for unfiltered data found ln Dole (1982) for his l'dC Il i c compo!, l te 
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positive anomaly case. Dole' s precursor anomaly centre also exhibits 

strong westerly tilt with height, consistent with a strong baroclinic 

traveling wave component. The conclusion would then be that baroclinic 

instability can trigger blocking episodes and nonlinear (or barotropic) 

effects would afterward change the preferred sca1e and positions at 

which the process occurs 

One aspect one has to consider with this type of approach is the 

dependence of its results on the basic state itself. This apparent prob-

l ~m is discussed in SWB. The regions of maximum instability changes 

with the basic state and this agrees with the fact that blocks do not 

always occur in the same location. Sorne of the preferred instabilities 

in SWB show a striking resemblance to certain teleconnection patterns 

presented in \.Jallace and Gutzler (1981). Dependlng on the baslc wind, 

the PNA or EA patterns seem to emerge from SWB's results Tropical SST 

anomalies could, for examp1e, be considered as an excitation source for 

mid-latitude stationary disturbances occurring in certain preferred lo

cations. This, in turn, could lead to enhanced mid-latitude blocking. 

The latter mechanlsm does not, by any means, explain all types of 

blacks, but lt seems redsonable to expect that it may account for sorne 

blocking occurrences. Karoly (1983) discusses thls possibility. An ex

ample of a Sl tuatlofl where such external forcing of middle latitude 

waves 5eems important is the enhanced ridging over the North-Western 

North America region found during the 1982/83 ENSO e..,8nt and the PNA 

pattern of which lt was part (see Rasmusson and Wallace, 1983, on this). 

Boer (1989) cautions that this kind of simple explanation may be just 

that, too simple, as the nonlinear terms cannat be disregarded in this 

context. 

One problem in both of these linear instability studies is that the 

actual spectral rcsolution and the equations used are still very re

strictive. Finally, the approach is still linear and cannot really be 

expec~ed to give the full answer. Rather, it still has to be considered 

in conjunction with other (nonlinear) theories. 

But even if the 1inear instability mechanisms were important in 
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blocking situations, as 5eems probable, tins JlI!>t pll~>h('s tilt' plohl('m Ollt' 

step back, One would now have to fille! \o.'lnch l'r()Cl'~'il'~ '-,l'! \lp th .. 1111-

stable basic f10w 

1 3.5 Resonance 

Host blocking theories we havl' H'vjewl'd lIlIt j 1 1I0W rl'Iv <lll d «'1 t.llll 

form of resonance, that is, forclng o( ,1 ('1ua!>l-) ',t.ltlo11drv I~()'",hv W.I\,(> 

by a statlonary (or peri OdlC) mE'chanislIl ',lIch .l', t OPO!',r.lph i (' Il j t III)'" 

oceanic latent heatlng or transienl forcing hv .! h.!nlcllllll' ,'011(' Ihl' 

time and space sca1es on winch blocklllg ()('('ur'; ,ltld thl' 1lI1'll' "~.I',t, 111'1' III 

such !>table phenomena ln a dis!'.lpall\'l', .Idv('et 1':1' .I11t! d.!I1II','d ",;"t'Ill 

seems to requlrt:> tl1lS ~('ner.d t .. pc> of I!If'Cltdlll',j!l 

Observationa1 evidence for tlle [l'..,on,lllce till'Ol-Il'" ,',)11 '1)',.11111,,· 

found in Dole (1982) and also in Austin (1980) TIl(' lormpr IIH'IHioll', 1111' 

striking phase reversaIs and amplificLlllon for lOW-PdSS (llt('rf'd ,'oll.!l 

wavenumbers l to 5 corresponding to blocking wlH'n comp.iring cllm.llolol'.Y 

and his composite Pacific posltlVE' .Inomaly 

"phase relationships are 'iomewhat n·mlni 'icelll of t h(' 1 ("'j)()lI',I", 

seen in simple models when CrOSSltlg through Li [("JOlldIlLV" 

After several individual case <1lldly!:.es, Auslin ,'onclll<l,", t1t;tl 

blocking can be associated wlth a ~ùdden drnplificallOtl of .1 fl'W ,'oll,i1 

wavenumbers displaYlng cons truc ti ve Il1terf erpnce 

"In the Atlantic sector this reinforc('m(~llt i~ elt~l<'l- 1)(>IWI'('11 WdV!'tlllllll)('r', 

one and two or between · .... avenumbprs twu ,lTId t hn'!' III th" l',ll'III( '.fl'tOI 

this init~al reinforcement is !Jplween ',loI'.'('n\lllll)('r~, l ',:Cl dllrl t hl l"'. l''lt 

rhis manifests itself ab blocking only ~f .... -av~:lI\lIIllJ(>r O!H' l', './lIdll" 

This last conclusion lS Tlol ',lIpporLed ln floll"', ·.tlld'; ( III t III' 

other hand, Austin does not find pha..,e (Iwngl'" ill tlll! '.I.ltl<.1Idl" J'I.IIII-

tary waves, ln her turn contradic l Hl~ !Jol (' 

budden arnpllficatlon of planetJr'1 '.c,.)l' ''/.1'11'', 

to note that, in the ~:1I Inlùù]e 1..tlt1Jt!("" :!\(, flldlll lOI' Jll,', 1:1'( l'oII11',U', 
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have very large amplitude zonal Fourier eomponents at these wavenumbers. 

Ue end this part of our recent historical overview of bloeking with 

four studies relating persistent anomalies to different types of reso

nance, name1y those of Egger (1978), Ka1nay-Rivas and Merkine (1981), 

Mitchell and Derome (1983) and Tung and Llndzen (1979a, b). 

The mechanism Egger (1978) considers for the production of bloeking 

situations lS a resonant triad interaction between t~o topographieally 

forced waves (having zonal wave numbers land 3) and a stationary Rossby 

wave (havlng zonal wave number 2). The models he uses are very low res

olution spectral channel models Barotropic and baroclinic versions are 

studied All of these versions are lnviseid and Slnce the forcing 15 

independent of the actual wlnd field, energy 15 aetually being brought 

into the system as can lndeed be seen from Egger' s Fig. 2 This fact 

and the implied spatial periodicity of the model are the most bothersome 

aspects of the work. This type of topographic forcing me ans that the 

same two standing forcings will always be present, with the same con

stant amplitudes Egger' s approach is neee5sarily global and a11 but 

the very largest scale waves are ignored The initial (or background) 

zonal wind is chosen so as to ensure the desired (triad) interactions. 

Egger's study shows that, with the special conditions it allows, 

blocking-like patterns lasting for something like five to ten days can 

be produced by all versions of the model that have orography. Allowing 

for wave-mean flow interactions does not significantly change this. The 

change one then gets is Jet stream splitting, assoclated with the 

blocks, produced by momentum transport from the centre toward the chan

nels lateral boundaries. When us ing a baroclinic two -layer model, the 

author finds a decreased thermal wind associated with blocking episodes, 

as one would hope to see in realistic blocks. 

The main point made here is that removlng the orographie forcing, 

or forcing only one standing mode, removes the blocks The orographie 

wave interaction being the on1y mechanism present here able to force 

the free wave at the right scale to produce resonance, the resul t 
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somehow does not surpr1se us 

tant in dlstributlng l'nerf,v hl'lWI'l'Il n'Ddt". 1 j 11101 (' t hdll Olll' '.11. il t .111 h,' 

made statlonarv slInlllt,llH'ous!v (,.!, 111 ~'llldll'11 .. 11(\ D"IOIl1,', l'lHI ..... 'h'·I'· 

the three-dimenslonal waVpnUlI1lll'r t'olltlnl', thl',) 1IIl' 

ldea has Ilot IWP!1 p1ckpd L1p hv 

periodiclty and lllV1SCld naturp 

work of Kalnay-Rivas ,md ~1('rkllw (l"el), di!,C\l<,sp<! IH';...t 

t 1 LIt! III t .' l.U· t ! <lll 

1 h.1t 1 lit' ',p,il LJI 

lI1odill,'d III 1 Ill' 

Kalnay-Rivas ,md ~lerklll(' ilClH!) t .. kt' p,llll'. 10 .'ll',111(·.1 Lilld 011" 

callty to thelr blocks III ,lgrpl'!nl'Ilt ''':Itll thl' (O/llIll"llt r.1~l'l1 11-0111 1I('ld 

(1983) ilS to locLll1~:cd fpaturl'~ 111 tlw ,dl1lo',pht'll' 1111'''' .I<!0l't tilt, \'II'W

point that the block produc t 1 Oll 1', dOllllIl,1 t (,d l,\, 1,",oll,lllt 1'11('1 l',\' t 10111', 

formations "':ia Wdve-lndllced l:vvnold', ',Ill",', fll'!lb ',lilll],' 1'.tlo,lllll'· 

process ( are necessdry only .l~, Ln- 01'>" d jl,h',] h 1 (' 1III'cl1.11l1 ·.tll "t ri r, 

ering the travellng distllrhances" (nOlr~ thal tl1lS pOlllt 01 \'1." .... l', Vl'l-V 

similar to that of Shutts. 1983) Th('v h.lvP d ha~,ic ~,('tup 11I-oc!\I( ill)', ,j 

steady Rossby lee-wave upon which d po'-,ltl'J(' '!Or!l<ltv pu!'", 1', .Idd,·d 

every three days Thelr model i!> llonlllWill" ,llld !J,nol roplC III ll,i! tin' 

The blocks arise from (large and ~,t(,ddy) 1 ('('-W.lVI''-, l"1",oll.ilItlv rt'

sponding to traveling dlstllrbancc!> TI1(' rc'';,ulting p,ll t Pl-n<, dl-l' ',olnl'wh,iI 

1ike an O-blork A certain phase rplat1on<,lllp !J('tW(>('ll tilP plll',(' ',()tlr( l' 

and the mountain (corresponding 111 [.:let to the pprturh,j( ion pn ... ·,III-(> 

gradient being in the same dlrectIon d', II\(' tndln 110101 whl'Il IllI' <11',11111>-

ances pass over the mounuiln) has to L!' <,olt l',ll!'d .. nd 

selves have to be strong enollgh (~'('f'mllll',lv rtll:rli', (,UI 

instability mechanlsm). The block', rrm.ll11 d', IOllg d', 

is active 

1 II(' jlitl ',{", 1 Il''111-

'.If1d]] .. 1111' Il llldl' 

t Ill' ,cid" f 'II ( III/; 

The authors point out that the pulse ',ourcl' could 1,(, dilotlll'I 11101111-

tain or a baroclinically active reglon ',uLh d tlH' !lOrtlH'rll ("!'.IIlI( ',Iolm 

tracks (again consldered in Shutts, l(JH~) ';0rd 11If',lrI 1'/ l', ,tl·,C) ",'01'11-

tial to produce hlocklng-llke '-.truct un", '·.fI Ilit (·)jr.lt J (,II ',.111'1 (' t 1", (>II j,,' 

retained interactlon 1';, lhal (,1 fh(· !J('lt'lrtJdllrJll" ',llfll 

indeed manage to produce d rc,>oTJdTJL rr '.pOTJ'''· IJ'l1 '111', 

() r(,,., 1 .1 i Ill'{ 1 tr ,f- f. 

10111"1- -Ilr! IJ'rt 

.. "( l,,j Il l'Il. l,.' 1 II) look at all llke d block :,0le 'l.dl '~j(' i,rrJr!II'tIIJII 
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upstream of the blocking region could possibly explain such features as 

very similar local budgets for blocking and non-blocking situations, 

found by Hartman and Chan (1980). 

The eVldence presented for the verification of the theory is of an 

indirect and qualitatlve nature, rather th an of a quantitative nature. 

As we have remarked several times already, the theory bears a strong 

conceptual resemblance ta Shutts' theory (1983), but the emphasis, as to 

the means by which thelr standlng wave come about, is qUlte different. 

In the end, i t lS not cleôl: if this resonant mechanism could produce 

dipole-like structures similar to the ones found ln numerous blocking 

eplsodes (as ln diffluent Jet stream patterns) or even, what observed 

blocking patterns are explained. For lnstance, the Pacific blacks are 

certainly not accounted for, as their geographical setup is not the one 

the theory requires4 The same seems true of Atlantic blocks Dole's 

northern USSR posltive anomalies geographical setup may correspond to 

what Kalnay-Rivas and Merkine's theory describes. 

The next work presented in this overview considers a special type 

of flows, namely, nonlnteractlng flows in which the Jacobian of the 

streamfunction and potential vorticity lS zero. This is the same type 

of condition solved analytically by Flierl et al. (1980) in their SES 

theory. Under these conditions, stationarity is ensured and resonant 

responses to a potential vorticlty source, such as a diabatic heating 

having the right horizontal and vertical structure, are then made possi

ble. This nonlnteractlon condition is not a bad one, as it is what 

Illari (1984) essEmtially verlfies in a particular blocking situation. 

Moreover, Illari finds that the implied relationship between the poten

tial vorticity q and streamfunction ~ turns out to be linear, which is 

exactly what Mitchell and Derome (1983) assumed. 

One of the main advantages of such flows is that the growth mechan

ism for the resonant waves does not imply energy extraction from the 

mean flow, 50 that the system can thus stay at resonance, which is not 

4 The resonant orography has to be between the eddy-producing region and 
the block which is obviously not the case here. 
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necessarily the C.:1se in other sitU.ltl()ll~ \"l' I1lU~t ('0115idl'l- tho\lgh tlll' 

result of Tung and Lindzen (1979b), \o.hPI-" sigrnfic.lI1t off-l"p<,ollal1t 11'

sponses are also achievpd in .1 ~l1niLlr type of ·,tullv 'l'Ill' qu,>!;t IOll j'. 

then, will the system have PllOugh timl' tn grow 1H'10l"P gOll1g too L1l- out 

of resonance'? The answpr ~eel1'S to depPl1d 011 tlll' tVIll' nt WolVP th.1l 1', 

excited, as we will later see_ 

!-litchell and Deromp (1983) II~e .1 thn'l'-I"vI'1 InVI'.Cld ·,]),·('tl.11 

quasi-geostrophic potential vorticity Chdlllwl lIlodl'l with IlO tlow .lcr(J!,~ 

the lateral boundarles and w-V at the top and bottom of llwir dOlIIdill t\ 

Newtonian thermal forcIng is included .. IS wL'll .I!, 1 he1"ln.l 1 di!.<,lp.lt iOIl 

Choosing a certaln zonal initial wind 10r wl11ch tlH' (11.1) ,lI1d (?.') 

waves satisfy the llOlllllteractloll condition. the tlow I~, '.hown lo hl' nu

merically stable when unforced and the de., lred WdVPS t Cl 1)(· t Ill' 1-1"'()lldllt 

ones when forclng lS applied at either only thel!' t.cal,· or dt .1 WllOl,· 

range of scales. The equlllbriurn (stcady-~tate, ulltorcpd) flow ls .tl.,o 

shown to be nearly equlvalent barotroplc in good .lgrC(·lIIenl with Ob',l'!"V,I

tions and the zonal mean of the zonal wInd associatecl with it haf, rl'al

istic tropospheric amplitudes. 

The blocking configuratlons could not be forced f rom z(>ro Wdve .lIn

plitudes though, because then an excited free mode domin.lted th(> r(><,ult

ing flow It was found that "the configuration under di.,cu<,~ioll cm hf> 

forced and rnaintained hy Newtonian heatinf, lf the model dtmo',p!tp}-l' j', III 

sorne neighborhood of the equilibriurn flow conf igurdLioll dt j IIi tJ ill 

time"_ This theory would tend to explain the rnaintel1Llnc(, of CPrl.11ll 

blocking situations ln the fi-plane geometry rather thall thel!" ('rt'dllflll 

This may not be too surprlsing as the condi tlotl on which Il 1 il"; 

(noninteractlon) certainly applies more to mature blocklng l'v('nl', ! 1\,1ll 

to developing ones. 

would a developlng (by sorne kind of rt".OlldIlU·) l,Jo('klllg ',ltlld!lrlll 

automatically [a11 into ~ome such nOIlllltl'ractlOIl Ilow '.I!U;ltioll' lll!' ,,11-

swer is that it is noL clear , .. h'l 1 t 'JlOuld i.·. · ... ·j·II, \ lI( dul h(lI-'. liril', 

consider thermal forcing, · .. hlCh i~ ln rjl·rt(·r.d 1,'1 110 !Wdll ',ul 1 ie If III (."". 

Section 5 of Austln (1980) on rhi!> '-.uIJJf>CL) il t (,." l, 1 (){ v i Il i'. '. 1 1 1 1 d 1 i (Ill', 
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may be explained here, but what is proposed seems more like a particular 

case th an a general solution. 

One of these objections is addressed in Derome (1984). There, it 

is shown that, when the zonal mean of the zonal flow is such that its 

index of refraction depends only on the vertical coordinate (a condition 

that once integrated gives us the same nonlnteractlon condition as 

above), t0pographically excited waves can coexist with sorne diabatically 

forced waves without interacting with them 

We now discus the work of Tung and Lindzen (1979a, b)5 These au-

thors relate blocking to the resonant responses of Rossby waves ta sta

tionary topographie and/or diabatLc forcing and as such their theory is 

obviously more global than local The first p.3per presents one of the 

very few analytical solutLons to the atmospherLc blocking problern. The 

simplification making thLs possible is theLr cholce of unlform zonal ba-

sic wind U. The second paper extends TLa' s results to more general 

(vertically sheared bas1c wLnd) conditions, so that the treatment cannot 

be entirely analytical, but must turn to numerical methods The solu-

tions found Ln TLa are barotrop1c, but such lS not the case in TLb, 

where the response is rather equLvalent barotropLc wl.th an e(Z/2) in

crease in height, with Z=ln(Po/P)' 

In both cases (TLa and TLb) , the resonant response is linear in 

time (previous ta the imposition of darnping, of course). Also, TL in-

vestigate the off-resonance responses. It turns out that for the con-

sidered dampLng, if an horizontal wave's frequency 1s less than 

1/(14 days) , its actual response to stationary forc1ng can be 90% of its 

resonant maximum. Exact stationarity is then not essential, it seems, 

to get a sign1ficant response, but the free wave still has ta be nearly 

stationary. We find in M1tchell and Derome's (1985) Appendix that exact 

resonance is less and less important, as the zonal wavenumber decreases. 

Sa, the larger the scale of the wave, the less important lS exact 

stationarity 

SHereafter TLa and TLb. 
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In fact, TL' 5 "trong<>st rec,pol\!:>("> t'dll h., IO\llld 101 .1 HIl,,',hv w.!v,' 

that has zonal waveIllunb('l' 1 01- .', 110 IJwridl t 'll.!l !lod,", ,111<1 Ih .. f,'w!'!.! 

possible nodes Ln the vcrtlc,il \!>o th.lt tl\l' th·!,t .. ;..tt'IïI.1l l1l\ld,' '.,'(·m', tn 

be thE:' best canditbte) 

jet maximum. dcting 50 d.s to rec!\I('(> tlll' 1\l1mh .. !" of '-·.·lllt.!1 lltld,". III IIIt' 

case of a wavenumber 1 or .), ..... 111 t IIt'l1 prod\lc(' .1 1·,·!>0I1.11H It"'I'0Il·.,' of 

that wave for reasllnable jl't sp",'d.s 

While zonal wavenumbers .3. ,\ .Inti ') t'.ln h" l ''',1l11.llll 1 v •• ... L·II t't! \.'1 

topographic/diabatic forcing. tlll' rpspoll,S(", .ln' IIllllh '.111.111"1 tlldll III 1111' 

case of zonal wavenumbers l ,Ind 2,lI1d Llll'v dl,' "l'.u 1',"II!'r.}ll\' II!OI. ',\lh

Ject ta damping rurthermore. thell' r('!,oll,1ll1 r''',poI1',(·,. drl' '0111 1111'd 1" •. 

low the tropospheric mld-ldlltudl' J!'t 

The strong points of lhis lheory ':Ht', f lr''\, d Idll1v pr"(,I' •• , ',l'! 

of criteria determining the po.s.slbllity 01 rt",Olldlll "".IV(", ,md, '.('t'OIHI, 

blocking-like amplitudes associated with rp,dl.st](' d.llnplllg ,Illd Willd pl'O-

files lts first lunltation i5 the Llet th.!t rlH' b.\dl~l()\lllli .:OIl,i1 '.o/Illd 

does not have meridional shear, 

shared by numerous blocking studie,>. is t!w f.ict th,it ',(>lf-llltl'r,)('tlol1" 

and/or nonlinear interactions are not includpd 'Ill 11'" 1 h « l' 1 l ",' ! ( " 1 Ilf' 

growing wave on the basic flow, on lt.':.(dl or Ol\ <lllV ()lllI'r W.lV'''' l', 

disregarded from the very start ,wei th(· 1II.l111tl'IWI1((' 01 Id,,, l"~ < .lIIIIO! Lt, 

accounted for, 

Mitchell and Derome (1985) ,wel D10fllW pt ,11 (j'JBH) l'/I('n<l 'IL", 

work by taking into account horizontal ',Iwill' ul th" .:olld1 '"Jll1d, WdVC-' 

mean flow and wave-wave nonlinear internction.':. lIoth 111(><,(' ',I\ld1<·'. 11',(' 

the same mode l dnd nearly ldent iC.ll ,,(. LUp.s '1 Il l' '1 1 (, ',1 r 1 (1 1 Il f '111' .. ' J .... " 1" 

topographic forclng 

'..Javenumber domain is ln :~onal ',:d'!(nUlllb{'r " dlld ',111\ f' 1; 

.stratospherlC J~t ::.peeds .Ire 1 Ill' lmport(ollL (Jill', 1<1 '('Il',!(j'l !UI :11".1' 

" '.,;avenumbers, ,he, background (J!- ::Ilt: .. l) :(dldl ::<dll 'd '!l' (J!\,!l '"llld 

will consist of a strato5pheric JI t (JIll', 'll",rl )', Il() :!0I'""jl!lf'ri' J' 1 

in these experiments, 
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are now interested in major blocking episodes only, at least in terms of 

strength. 

The theory they present manages to account for the initial growth 

of a free Rossby wave by resonant respon3e to topographic forclng. The 

effect of the ,B-plane geometry still has to be evaluated by going ta 

spherical geometry and, olS of now, the theory' s practical veriflc,ltion 

has come mainly from the fact that the predicted total growth rate 

agrees with observations and the attainable blocking Slzes are of the 

same arder as what we expect from blacks On the other hand, Dole's on

set cornpositlng does not display dmplification of unlque zonal 

wavenumbers as is the case here, but rather 11 whole range of waves seE'm 

to amplify sil'!ultaneously As well, the topography does not produce 

forcing at a slngle zonal wavenumber as is also done here 



Blocking theory survey 

1. 4 Baroclinic wave/Planetary wave tilt cract ll'n" 

Il.JI1Ct> of blocking ('V('lltS OI tlll' 'l'lI! ',r! ".lltl \',llll't\', .li',lIn'.! "d'.'\',! (\\1\ 

hv the menn flow .il1d di~."lp,1l1(l1l 

proposP& tü do thl'" .1'> 111 "hut ['. 

Ill" ... !Ll.ll 111"lh.IIII!.I1l I>\' \.i11.11 1: 

, .. 1'''.OIl.lIl! \Ill" 111.1'.11111. Il .... 

the (pLllwtarv-'-.c.!ll·) 1'1'1[\11"1,.,[1"1\' • .111.1 :llI'll (1',IIO!'lllll. ;, .. '..' 111<1111".\' 

Shut ts' ... :ork 

,'ddles <'olliti 11(1\"(' Jn,1111t.lllll li [III' 1'1/t, ',111111,\1'1 },I,,, L ""'J ';"JI11'111 1111 11 1" 

,ll',dlll~,t dl!>"lP,ltl()l1 , 1 1 ( 1 Iq'll 1/' d 

[hat .dthough tt1L' [l,.Il·,llll: "Id'. '.'<lJ 1. 1[', t~,,· r. JI:I', Il. L'': :1", ~',I" 

b,illv dominant one', ln tlît' 111,\' - II. t' .Ill .. ) t 1.'1[',' \.\1<11" t 

'f l 'r' 1:1111)1 t Illt 

tr,lck rep,io!ls, ! It' ' .. lin \. , ,1 d., l', .1 1 [ Il,,, II' Il " 1 1 1',111 l " 

~rn.lller, t han [hf' dOlnll1dtl[ lllll'dr d(\>;' ('t 1 ()!l [('1111', l',.", 11111 J l'JI, ! '11('" f!lJ 

'!Orticlt'l buct?('t~ of (,e:,! blod!II'/', 1""11[', "1 Ihl)',d" "Ild \l(') 11111", l'dll, t"l 

: l, f i( t. 1! Ilfl',J . f 4 :11'. 

"('ct l(JllS (Jt re Lit 1','(' "(Jl [ 1< 1: ',' l" 'l,.' 1 Il ! 1.. 

hlock downstrPdInl ,tI.1l of II l ,t t II' t • t 1 ~/ • (1: t t,I " , 1 1 ~ : z t J • , 

(.f( ( !\ l" 

mornentum t., i 11) 

, l.rr il toi 0 f~ 1 (' il l ; "J " l ' l ( .: l '. ( : r 1'01. t " ~ r ( ., 1 • , 1 t • ~". ,; (I} • '1: ft • 1 1 • 

l 'I1P .' 1 J t· Il· 1 .• 1 • r! . J, l ,~l •••• ,). .. I, 

" , , , , • : l' ,: 1 l',-

: (' il' t. l ()Il ')!, l j) \ l ( 1 ;, 1 1 • ',1 , ' 

" .1', ,! .' 

. ',' l' l/', 
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having its maXlmum a quarter of a wavelength upstream of the standing 

wave (50 that the forcing and block are in quadrature) would, if applied 

at the level of the tropopause, produce vertical structures similar to 

those found in blocks. The diagnostlc study of Illarl (1984) on the 

July 1976 black would tend ta ~upport this phase relationship The dis

turbances themselves would con!:>lst of warm highs helow cold highs or 

cold lows below warm lows. The tropopause level is chosen hecause it is 

one where the transient momentum flux is known to he maXlmum ln certain 

blocking events, as can be seen in Oort (1983), for the January 1963 

case. 

The blocks (or stationary patterns) are here regions outside of 

which one finds il split j et stream The two north-south oriented re

gions of eedies travellng on the two branches of the Jet would then en

hance the posltlve and negative vortlclty patterns found inslde the sta

tionary blacks by momentum transports towards them, the anti-cyclonlc 

vorticity pattern being poleward of the cyclonic one, in accorda~cc with 

observations of split-stream blocking events. A necessary resonance 

condition lS that the north-south oriented dipole disturbance be in fact 

stationary with respect to the mean flow 

Shutts (1983) extends Austln's work with a series of time-dependent 

linear and nonlinear Integrations of a channel equlvalent barotropic 

model. Furthermore, he relates the baroclinic eddy forcing mechanism to 

energy transfers that can be found ln the case of smaller eddies embed

ded in a larger (two-dimensional and quasl.-geostrophic) flow, when the 

latter acts as a deformatjon field on tht former The eddies "are, on 

average, stralned into filaments sa that the constralnts of energy and 

enstrophy conservation demand that energy should appear at progressively 

lower wavenumbers (FJ orto ft . 1953)" The energy necessary to hold the 

block steady agalnst advectlon and dlsslpation could then come from such 

a straining process Diagnostlc studles such as Berggren et al. (1949) 

and Rex (1950a), wl.th bis shock front found just upstream of blocks, 

support the idea that such deformation processes play an important 

dynamicdl role in blocking situations. 
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A funddmental dSJwct ot thi~ wOI-k, ,I~ propost'd bv CI'P('II (19/J). 1" 

that the "time-av('raged blocking flow fif:>ld ducs not' ',atisfv tlH' 

equations ot motlon ln it~elf - ln otlwr words. blocklnf, I!> (·!>~('ntl.dlv 

an unsteadv phenomenon" It l~ <1chiev('d by a pt'riodlc ('cldv lorcing on .1 

scale close to that ot il certaIIl ~tiltiondl-Y R()!,~bv W.lVI' .Illd tlH' total 

flow IS quite varl,lble ln L1me, The 1110d .. l n:'~ull,> 01 Shllll~, (1Y8'3) vl'r-

if Y this qui te well Thi s tPIH't ha.s to 1)(' compdl"t'd Wl tilt hl' f UndilllH'n 

tally stationary !Ollitions of t-1cWillidm.s ,ll1d Ill<' dppdll'Ilt diff1eldt!(", 

this latter had in verlLYlng hiS Ih('orl('$ with ob!:.('I-vP(\ flow<" dt !Pol<,t 

in the NH ~~ote .1150 that, as ln Kalnay-Rivas .llId Ml'rkuH' (1981), Iwr-

turbations thdt are too weak do Ilot produce blocklllg pattprw, 

As was previously mentloned, the numerical pxpt'rim(·llt·; wlth d Iwo-

layer tr.uncated model. presentcd ln Relnhold and Piern'llIIl11lwrt (1'JH;», 

also support the 5vnoptic-planetary wave interaction t-Iwory 

moving this kind of ulteractlon essentially prevented the rf'p,ime t ralls!

tions that otherwise occur, transitions that can be ilssociatpd wlth th<, 

f10w going in and out of blocking regimes, 

It is very interesting to note that a recent paper by lIilille~, .lIld 

Marshall (1987) ties both the modon and tranSlent eddy forCing t1H'uril'::' 

together, They show that the same type of forcIng db 1.s considered Ilv 

Shutts can as well malntaln a modon-like structure (or extended periods 

of time Thelr équlvalent-barotropic model lS very ',ill111<1r lo thdl 01 

Shutts (1983) and they a150 consider 1 inear and nord inear l T1t<,/-~ra t i ()ll~ 

At the same tlme, :Ialanotte-Rizzoh and Malguzzi (1987) ('xtpnd t1w re

sults of MMR6 by cons1dering, agaln, the eddy tranblPI1L forCing of tl]('11" 

blocking-llke Solut1ons ln il low-order baroclin1c model They rpport 

that "C'·') the interaction of our highly nonllnear dipole ,>ollition with 

traveling synoptlc scale ~ystems 1'> very ,>im1ldr to what Wd~ loulld Ilv 

Shutts (1983) ( ) " Finally, both of the5e ~;tudl(!b l',IV(> ',OIl1P IlldlCd-

tions as to how their respective theorie!> cuuld be illV(·':.t1i~dl('d III d( 111-

al observations 

6See section 1 3.2 for det31ls 
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A feature of observed blocks "Chat Shutts' equiva1ent barotropic 

the ory cannot explain is their relative warmth. Also, in view of Tung 

and Rosenthal's (1985) comments on the derivatlon of the equiva1ent 

barotropic equation and the forcings that can be lncluded in lt, the re

liance of this theory on a wavemaker i5 a bothersome feature, as it is 

in Ka1nay-Rivas and Merkine (1981) However, the strongest point about 

Shutts's theory is the degree to which it has recently been supported by 

observational studies. 

Mullen (1985, 1987) in a diagnostic study of long series of GCM 

(specifically, NCAR' s CCH) and NMC data shows that the quadrature rela

tionship Shutts requires between eddy vorticity forcing and blocking 

anomaly maXlmum can be verlfled, at least for NH flows, ln both types of 

data. The eddy forclng is specifically found for high pass filtered da

ta, i.e, the eddy forcing lS essentially produced by synoptic features, 

as in Shutts' !l'odel. The quadrature relationship does not necessarily 

hold for unfiltered or low pass data, so that Dole (1982) was unable to 

identify it. Mu1len states that "During blocking episodes ( ... ) eddy 

vorticity forcing tends ta cause the black to retrograde" adding ta the 

retrograde action of advection of planetary vorticity to balance advec

tion of relatlve perturbation vorticity by the mean f1ow. He also shows 

that eddy heat forcing aets to dissipate the blocking pattern tempera

ture anomaly The mechanism mostly responsible for the maintenance of 

this temperature anomaly seems ta be advection of time-mean tempe rature 

by the time-mean flow. 

A last set of conclusions one can find in Mullen (1987) is that it 

appears that "barotropic processes associated with deformation of the 

transient eddies are predominantly responsible for the eddy forcing of 

the upper level circulation". Indeed, the 30 kPa and 100 kPa eddy vor

ticity forcing seern to be highly correlated, displaying an equivalent 

barotropic nature, with a maximum in the higher troposphere. This baro

tropie feature dominates the total eddy forcing in the block's vlcinity. 
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1.5 Concluding remarks 

To summarize what has Just bl'c'Il di·>cu!,!,pd ill thl'. lh.1pll'l". thl' 1ll00,t 

promising theory seems to 1)(> ,1 tl'~()ll.llll rl!'>pllll'.(· tlH'ol"v 01 pl.ll1I'l.1I \' 

scale free Rossby waves wi th 

name ly that of the "ynopr lC 

that from Dole's and Relnhold 

r(~<;pl'Cl to .1 ',pl'l'llie IOI'Clll/,. 1II1·(l!oIlll·oIn. 

,>call> l'ddll'~' Il ',hould Ilt' llot(·d thou)',Il. 

dnd l'lC'lTPhumbl'l t' '. !lI'I'!.l:,ll·llt'(· .tlloIIv·.I·, 

of either observed clrculation dl1omali('!-o or 01 :,1IIlUL1Il,d 1'1'1',11111"" \~" 1'.111 

already expect more than OI1C ml'chanl':om 10 Ill' l'l' ... pdll'dh!(· lOI' dilll'Il'Ill 

periods in the lifetime of blocks, 

Although the theory pr('senldtlO!\ .lIld '!('lltildIIOIl Il 01 "(' 'dl l,Il IIIdd(' 

use of NH conditions. t hcre do(~s not ',l'l'III ! 0 lH' .IIlV 1 ('.l!.Oll \<Ihv 1 t ((JIll d 

not be applied to the Sil, Indeed. tlH' ;,11 1Il,II11 hlockllll'. PO'dtll)l\ Ithl' 

area south of New Zealand) is again dowl1!.>trc,lIn of the llI'I)0r IH'mhphl'I'il' 

storm track (over the southern IndLm Ocean) Ail impon ilnl d·.pl·(, 1 hl' J'(' 

is that the blocking events are intrinslcally (,ol1~ldcn,d to hl' 11'.111',1 ('111 

phenomena, more easily identified in time-mean maps than in in·.;t:Jllt.lIH'

ous flows A first verification of the till'ory ild<; I>C(>l1 dl t ('mpl ('d IJy 

Mullen (1987). with model ,lOd obs(~rvdtlol1oÎl ddla Till' th('ol'Y < dlllIO! yl'I 

explain the relative warmth of blocks ,mo titi'> jll'OV<". t 0 b(, Olll' of 1 t·. 

few important weaknesses 

Sorne of the other theories "Iso lurl1 oul 10 IH! Ill!.('!(".llll)', l''J(,II 

though Tlot quite as weIl oocumentcd or prolllj'>lllg 01'> tlH' t'"JO prl·'/I""'. 

ones For example, linear normal modf' ,lllalYC:;lc, dOL", ',(,('111 10 PI'(",{'111 Il', 

with the baroclinlc type ot precul'~,()r ',LiI((' .dllldpd to III 1)1)11···. w"d: 

It also gives us lndication!:. ot '"Jhdt holPP(!ll', 111 tll!' IIIdlul(' !;dlotrOpl< 

phase of the phenomenon, The actual rc,>olutioT!" .md lfI()d('!~, Il',l'd h('n' 

are still coarsE' Ibccau!:.c of the 'If'ry Ilt'd'/'I 1'(",O\l!"l(' J'('qlll 1 ('1l1f lit·. 1111' 

plied by lts use) As 'Nell, !.he Jnl.'lhod l', 1111«dr "'1 dl·lillltlfJr!. oIl1d IJIII' 

· .... onders lf lts application LO inDre (ornpl('.·: llJ\J(Ü'!·. ,i<J'lld II(Jt d!o .... 11 (Jllt 

the signlficant lntormation lhat hdS b!!l'lI ioum} to ddt(' 

The theorles presentf>d 10 Valtld'/-!JI';,,', oille! '11'IY11H' '1'1P.11 • lit! 

:'Iitchell and [Jcrome Il~18J) do no!. ',1 1 iii i~I·II(r .. 1 II, thl)l JI'l'llloItl"". ::1 
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the sense that the first considers a Rossby lee-wave resonance (that we 

cannot see applied anywhere except maybe the Russian blocks), while the 

second limits the resonant forcing to diabatic mechanisms. Topographi

cally excited waves can coexist with the diabatically forced waves, as 

Derome (1984) mentions. Would this theory explain the warm structure of 

blocks? It a1so has not been verified, exeept to the extent that the 

particular kind of f10w it requires do effectively occur ln conjunction 

with blocking events. 

As for the the modon theory, its main and glaring weakness is 

exactly what makes it possible, that is, the (foreed) stationary nature 

of the solution. This may be what caused McWilliams problems in verify

ing it and the theory should be compared to the transient blocking theo

ry of Shutts. There exist, though, a simple verification for modon

like behavior, as can be seen in Haines and Marshall (1987). That i5, 

the (q ,1j;) scatter plots should display two distinct linear relation

ships, one apply~ng ta the inner modon region and the other ta the outer 

one. 

The multiple equilibria theory has been under serious attack (from 

Tung and Rosenthal, for example). Reinhold and Pierrehumbert's work in 

analyzing an~ reproducing regime transitions in this framework, is one 

of the high points of the theory. But the poor results of Ceheleski and 

Tung (1987), when the low spectral (or modal) reso1ution used by RP is 

increased, is quite bothersome. The low resolution seems ta have been 

what permltted the (clear) re5ults of Reinhold and Pierrehumbert. As of 

now, sueh results as those of Gravel (1989), where periodic rather th an 

stationary solutions are addressed, remain the most promising. But even 

then, this kind of analysis on observation or GCM data may prove impos

sible, the number of posslble unambiguous regimes not being necessarily 

small (or limited at all). 

Tung and Lindzen' s resonance as well as Mitchell and Derome' s 

(1983) diabatic maintenance mechanisms could perhaps be tested in a GCM 

A linear version of the latter CQuld also be used ta find the model' s 

(linear) normal modes, possibly using an approach of the kind SWB used. 
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The model basic st.'Ites would tlwll l't' (}1<' l'l,'cur',o!"', 01 th,' lllit 1.1I 1.'1\ 

and/or demise of blocks 

Finally, Halanotte-Ri::::::oli .I1H1 ·'1.11gu.:.:1 (l'lH/) .. 1'.0 pl 01")'''' .. 

necessary condition [or tll(' prp.',l'IlCl' ot d blod,ll\)'.-l11:,'. tlllit,· .Ill1l'lltll-

de version of thl'lr prpvlou'.jv ,il!..CU','>l'd ,j',Vlllptot 1(' ',,1}11111ll) 1111 " 

criterion stipulates thdt ,1 pdrtlcul.lr (',p('clli,'d) f1111l11011 "f tilt' 1'.1<,1, 

ground flow must have the f onn of d l'0ll'Ilt 1.11 10.',,11 

--------- - --- -
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Chapter 2 

Anomaly climatology: Distributions 

2.1 Introduction 

This chapter deals with an evaluation of pers istent circulation 

anomalies in a GCM, name1y the Canadian Climate Centre (CCC) GCM, and in 

atmospheric data. A climatology of the 50 kPa events in terms of posi

tion and time of year is presented in what follows. 

2.1.1 Model 

A complete description of the model and its c1imato1ogy, as de

scribed by a few standard fields, can be found in the two articles by 

Boer et al. (l984a, b) Briefly, the model is a 10 sigma vertical level, 

spectral primitive equation model. lt has mainly been run at a triangu

lar T20 horizontal resolution al though T30 and T40 extended runs have 

been made. Most runs (including the one used here) a1so include daily 

and annual cycles in solar radiation and a daily cycle in long-wave ra

diation. The physical parameterization includes gravit y wave drag (as 

described in McFarlane, 1987), surface hydrology and energy budgets as 

well as a Leith- type of (scale~dependent) horizontal dissipation. The 

model clirnatology has been found ta be quite reasonable bath in the win

ter and surnmer Hemispheres throughout the year, most of the well known 

climatological features of the atmosphere being rather well reproduced. 

Clirnate models are run at relative1y low resolutions when compared 

to that used in medium range weather predictions such as the T106 ver

sion of the ECMWF spectral forecast model. The effect of truncation on 

the qual~ty of the simulation are beginning to be known7 with respect to 

the very few high resolution models. \.Jhether these effects are found to 

be generic to the whole class of climate models remains to be seen. 

However, these potential problems will have to be taken into considera

tion in any use of simulation data from the as of yet normal "low" reso-

7 As an example, see J arraud' s contribution to the March 1986 ECMWF 
seminar. 
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lution8 models, In the medntime, h.lrdw.1n' dlHI tUlldlllg l'l",II'lLI \011', ..... 111 

ensure continued use of the latter typt' (lt lI10dpl III cllllJ:lll' !,tudll", 

2,1,2 Observations 

QUlte a tew studles h,lve b('en made 011 JlP\"oI',t"llt .lIIOIII.d 1, .. , III 1111' 

atmosphere, nearly ,111 of them propo51ng thl'11' OWII 11t'l" ',l'loi ('II t ,'11.1 

to define anomalies Rex' (1950,1, b) work, IIOW"'..'('I', ('ould Ill' 1"')',.11<1(·(\ .l', 

the arche type of the whole class and,j~ s\lch, Ir l', ',1111111',(1\1<'11\'" III 

quickly review the approach Ire used, lIis wOl'k l', ('Ol1cl,rtlt·d WII!l Ih(' 

50 kPa Northern Hemisphere UJH) Wlllte r geopot(,111 1.11 1j('II~h 1 jldl l "Ill', 

called blocks (or positive circulation ,1Ilom,llie!,) 'l'Il(' dJlJlIO.lc!1 1', \'11' 

tirely subjective and the eIIU'l'l.! hl' I!!,cd ln id('IILJlv hlo,kllli', ,110' Ih,· 

following: 

CI 
1) The basic westerly flow 15 splIt' lllto two br.llIc!H"" 

2) Each current branch must transport ail apprccL.1blt> 1/I,1.',S, 

3) This double Jet system must extcnd over at ieJ.sc ;'5 dt'l;r('('<, nt 

longitude, 

4) A sharp trans~tion from zonal type flow upstr[>,'Jn ln I\Ipl'Idiolldl 

type downstream must be observed dCrO&.s th(' curr('nt "plI t, 

and finally, 

5) The pattern must persist wlth recor,nlzabll~ (Olllllll!ll'! lUI' ,/1 

least ten davs 

The words ln italics refer to lhe ':,ubJectlv(' oI<,p('('I', of tll<' (T!t!'

ria, the parts that to a certain ('Xlplll chan!ctc>rI::I' 1 he· WIlltf'1' 1)( \'.11111 

patterns in which Rex was interested This choicl' 01 (rlll-l'LI 1lI00V 1I0! 

be adequate ta study patterns occurrlng <,lscwllf'r!' 1)1' dt (JI Ir!'r 1 lllll", 

Furthermore, uSlng this type of llIelhod (JlI d '/1'1''./ l()lIi~ d,dol • .. ·1 '1Ill( ~'1': 

becomes prohibitIve as It C,ID 11011'<11',' hl' Ilnpll'IrII'1111 d ('II .. l'II ',( II: ,1.1',' 

computer due ta ltS 5\1bjectl'/l! d':>P('C:<, 

Recent studles tend to be 1lI0[f.! (,1) J',ct 1'/(' III : II( II ',p" 1 f i ( dl l 'JlI Id 

BRiS ~;CAR CC:1 and C.FDL GC'!, r 20 ccc (,(:1 
9Ihe itabes are added rJ'l t Iris dlllhor 
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what constitutes a persistent event, but most of them still retain sorne 

preferred time-and-space sc ales (as ln parts three and five of the Rex 

set). Two examp1es of these are found in Do1e lO (1982) and Lejenas and 

~kland (1983). Recent comparisons of these two criteria by LeJenas 

(1987), using Southern Hemisphere FGGE and Austra1ian data sets, seem ta 

indicate that the former is less sensitive ta the quality of the data as 

well as being less restrictive as ta the type of events it identifies. 

The Rex-type of events are in fact a sub-class of the new ensembles of 

events. 

A supplementary type of criterion of interest when considering more 

genera1 methods of identifying persistent events is the loca1ity one, an 

example of which is that the evenCs end if chey move by more chan la de

grees in 12 hours or If thelr total movement lS more than JO degrees, 

from Hartman and Ghan (1980). This (angular) migration crlterion cor

responds ta the known feature that very few, if any, atmospheric pat

terns remaln abso1ute1y fixed geographically for any extended time peri

ad but, at the same time, they tend to remain in limited areas. 

Indeed, the fixed type of patterns appear ta be quite excep

tional l1 , whereas the moderate1y persistent patterns we want ta study do 

not seem to be 50 rare at all . In fact, using a looser five-day dura

tian requirement, Treidl et al. (1981) find that over half of the NH 

wlnter days are blocked at one place or another Using a locality crlte

rion, defined in terms of angular instead of cartesian distances, could 

favor lower latitude events over the more poleward events since the for~ 

mer are then permi tted greater spatial deviations from their centre of 

defini tion. However, as we shall see, the preferred anomaly positions 

occur in a fairly small latitude belt 50 that this bias may be safely 

disregarded. 

Ta a certaln extent, Dole (1982) manages ta take into account the 

lOSome of this material has been published either in Dole and Gordon 
(1983) or in Dole (1986). 

lIA maximum of 10 positive events, lasting at least 10 days, at the 
100 gpm level in the North-Atlantic winter, from Dole' s work with 14 
years of 50 kPa NMC data. 
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locality of the events. Indeed, Dole filters out the &hortest Limp-~calp 

fluctuations (periods smaller than one to two days) from the obsc·rva-

tians before dpplying his criterion \,11at .Irises from this i s t !lar .\ 

few cases, where rapidly moving svnoptic ('vents mask and/Ol' interrupt 

larger- and longer-scale events, can be idüntified As we Il, t 1](' rp :1 n' 

persistent events for which this ma&king or Intprrupting i5 dom' hv 10-

cally shifting thair centre This tcchniquC', how('vpl', is hv no ll1l'oIll!> 

sufficlent, as WIll be shown later, !:>lncC' most "noll-~t.ltion.lrv" ('Vl'nt c; 

are still disregarded by it. 

2.1.3 Criteria used in the present study 

We use Dole's (1982) objectIve enteria, lIlochfi('ù 10 t.ü:p illto .Il'

count the posslbility that the event~, mave dbout thcll' 1',(,())',l"oIphic.d 

centres Thus, an anomnaly event 15 Identlt lC'd (lt a [j(·ogrdphu·.ll IJO., I

tian X if, for a glven duratloll rIme T. the fIeld IJllder O!JSt'lV,lflOll 1.'> 

contlnuously larger than a certalIl value H at <11Iy pOIllt wlthll1 .., (l.lC I

tude or longitude) degrees of x--. This latter value is al'bitl'.lI'y ,llId i ~ 

chosen because it is the approXIma te separatlon betwüL'n gl'ld point.., 1 Il 

the smallest gaussian grid onto which a T20 bpectral i le Id l'.111 })(' pro J -

ected without linear aliasing ThE' r e for e, f rom a p r de tl C ,il p () 1 Il t () f 

view, only the four immediately ddJoining 8rld point!; an' (oll!:>\!I('\"('d 

when applying the locality part of the crit('ria dt .i cerl.llll g('o~',r.lplll-

cal point, in addition ta the pOlnt 1 t.selt Only qu.I<.)-'.! dt ÎOllolI-V 

events are likely to be captured by this Crltûl'lOIl, ('vpn thollr,1l I! 1', 

conceivable that a series of waves travelline at the rlp.ht (rl'l.ltlvl'l'I 

high) speed could also (but wrongly) be retalned .l~ • .In ('VPllt 1\11 Ilicll-

cation that on1y large-scale (and thus .. lowly movlrlp,) fpatul"l". 0111' idl'Il' 

tified here, is that most cases found to satl.sty thp tlill ',{'! of 'rI!('

ria eventually do sati&fy the alllplitudl' part ,d It dt "V{'I',' ill]"!IIIII/" 

position around their centre, dt olle IIIOtn('nt "1 ,,[lotll{'r r,f '111'11 Id,·, 

time. "'". e 'N l Il d 1.s eus s rh e III cl Ul (' d <> l:!, j '-> r ·,.li 1 (Ii : li l " 1', Il r li " . 1 1 j 1 ( !\ , 

such as the AtlantIC negatlve .lllornali(·', 

---------------- - --------
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2.1.4 Data sets and anomaly criterion values 

The model data used in this section of the study are the 50 kPa ro-

tational streamfunction ~ from a 20-year T20 simulation. The data are 

available at 18 simulated-hour intervals, for a total of 9732 different 

time values. 

Various combinations of amplitude H and duration T values were 

tested in the preliminary stages of this work. The objective was to un

ambiguously el iminate synoptic scale events from the set of persistent 

anomalies ~nd, a~ the same time, retain a sufficiently large number of 

events so as to get stable statistics from this set. It was found that 

the qualitative nature of the spatlal distributions of positive and neg

ative anomalies is maintained over a fairly wlde range of possible 

'.Talues. The values retalned are representative of this range and wlll 

also permit comparisons wlth certain other recent works 12 The same 

values are used in bath the Southern and Northern Hemispheres Thu5, H 

i5 set to 1.Ox107 m
2
/s. From geostrophy, this i5 roughly equlvalent to 

100 gpm at 45° latitude. The duration T that is used is nine days (that 

is, twelve model sampling intervals). 

The time mean and the seasonal cycle13 are removed from 1/J before 

applying the criteria. The reasoning behind this step is, filstly, that 

the anoma1y events under study are a prior~ supposed not ta be directly 

related ta the variations in solar radiation and, secondly, that we want 

to be able to compare events throughout the years or at lcast throughout 

seasons. Indications of the independence of the annua1 cjcle signal from 

the rest of the time spectrum are presented in the next section. 

The observational data used for comparisons are either a 14-year 

(1965-78) NMC NH or a five-year (1980-84) global ECHWF data sets. The 

observed variable is the 50 kPa geopotential height. However, this is 

l2Again, mainly Dole (1982) but also Trenberth and Ho (1985) are con
sidered. 

l3Uniess otherwise specified, this is defined as the annual cycle plus 
its first five harmonies. 
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generally transformed ta tlw '~l os t roph lC st 1".11111 une t 1011 t,J l ~ • . ' 1,1 Il ()WIIII'. 

the comment bv 1I0skins t't J1. (1977) dS tn tlte .Ippl'Opl'i.ltl'Ill'!," nI Ihl·. 

variable when studying two-dimcllslOll,ll \'IIPl"!3.Y jlIOp.lg,l! jnll!. <intl/ol' int"l' 

actions between troplcill ,1l1d (>xtLl-tloPlC,ll 1"V.lons 

statistlCS derived from Vl'drlv d,lt.l. th,' IC'1\JF li.!I.\ \.111 h" 1'11'1"11'".1 (Il 

the N~IC, at least ln the CUrl"vIlI c!ldpt,·r l'lH' r".!·dlll 1 ni t III', l', 1 h.1t 

the former are global. lIlùn' 1'('CI'nt tll:!1! tla' I.lttl'r, ,lIld 1.'" ".JI"CI Ih"1Il 

to be of [;eneral1v higlH'l" Cju.dit\' 

statl.stlcs derlved trom se,l!,ol1.d ddr,l, thl' l'I'!.ltlv,'l\' ·,IIl.dl'·1 1(·:t\~I· ' .. 11\\ 

pie .seems to become problernatic 1:, .Illd tlll' 1()I11~!'1 ~;~IC · .. lIupll· Inl] Il!' Pl(" 

ferred 

Throughout UllS the~,l'" Il <.hollld h" Ilol"li th,il '.:,. \,111 II· .. • tll<' 1,'1111 

".înornalies" to de.scrlbe both thl' 1111111'1',.111. ','('II!', ' .. 111',1','1111' ,)111 ,111"1 

lon, but .1150 to dlstingul'Jh bVtWl'!'!1 tlll' "(JUlpll'I,' d,lt,l ',l'l', oille! IIIIl'''' 

from which the Llme-menn .1nÙ '.l'd!JOI1.d ,'vell' ,(llll!>OIlI'llt', IloIVl 

removed. l e anolllalies 

events or to devlatlons trom the cl imdLic dV(' l'.tI',I' " 1.'1 J] <1"llI'lId \IPOIi IIi<' 

context. 

9>h' l t}. :') 1 '," .• . " l' J 1 
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2.2 Anomalies in the freql.lency domain 

2.2.1 Anomalies in thf! frequency domain: Northern Hemisphere overview 

A known problem in GCH simulations is their low level of transient 

activityl5. Note that, at least in the NH. this effect is one of those 

presently ascribed, ta a certal', extent. ta resolution def~cieneies. 

What is not as well known is how this feature 15 distributed ~n the fre

quency domain 15 this deficieney more important in the high16 frequen

eies or the low17 frequencies? Is there a relat~ve difference in the im

portance of the frequency range mainly concerned wi th pers is te nt anoma

lies, the medium frequencles, wlth respect to the other ranges? One 

would hope that the distnbutions of such quantit~es as the anomaly ki

netie energy are, lf not quant~tatively, at least qualitatively similar 

in the models and tne observations. 

l t should be noted here that the low- and medium- frequency ranges 

adopted here correspond ta what Blackmon (1976) calls "1ow-pass data". 

The high frequencies are made up of B1ackmon' s (1976) band-pass and 

high-pass data. Our frequency breakdown is closer to the one used in 

Blaekmon et al (1984), Le. 10\", lntermediate and high frequencies. 

Please a1so note that no use is made here of the Blackmon-type of digit

al filters. Rather, the t~me filLering lS done by directly operatjng on 

the t~mewise spectral components representa tion of the data sets, ob

tained via FFTs at each spatial grid points. 

Pratt (1979) presents ratios of simulated to observed geopotentia1 

height variances for a range of zonal wavenumberjfrequency values. The 

simulation data are from earlier versions of the NCAR and GFDL GCMs (his 

Figures 3a and 3b) we already know these ratlOs te be generally 1ess 

than unity. For our purpose, the question of qualitat~vely simllar he

hav~or translates here into whether the ratios are independent of fre-

l5 See Jarraud (1986) as noted ear1ier, Lambert (1987) on inter-com
parisons of model and observation energy budgets; Tribbia and 
Baumhefner (1987) on the CCM model predictability 

16Xainly baroclinic waves, w~th penods shorter than a week 
17Mainly p1anetary waves, \Vah periods longer thilO a month 
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quency. Bath models unfortunatclv turn out 10 be '.il',lllfic.llll Iv hpI!('l-

behaved in the svnoptic range of values th an lit other r.lI1gps, ["or ('X.1IO

ple, the zonal WdVPIltllIlber '.eV('!1 r('!-..uLt~. fOl- IIH' NCAR 1110 dl' l 1,1I1/',t' Jrol11.\ 

ratio of 2U% at low ireqlll'l1cy to !>l'tt\.·r th,in HO'/. ,lt '-\'1\Optlc tn',\Ul'IH'l(", 

and back again to ,JO'l; .lt the hlglll'c,t fl"''1U''lltll'" .lvdILJhl" 11\ th.· '.1111\1' 

lation 

TABLE 1 

ComparativE' kwetic i'lwrr,y of the' CCC 1-0,,11 ion.il V' .I11tl NMC, ECMWF 
geostro~hic com~onents 111 a Norttwrn IIplIli sphere 'lO kl',J ,:ClI1.Jl l'Il.\llIlPI 

from 25 N to ')5 N The pe>rcPl1ul/'.vs qIIO,Pt! und('r IIH' ECMWF ,md NMC 
colurnns are C'cl]culJtC'd with réb!)('ct 10 tlll' l'OIT(".!Hllld i nI'. CCC 1''',\11 l '. 

The high frequcncle~ corn'spond 10 jll'IIOc!'. ',!Ion ,'1' til.\'. ,J \0,'('('\;, Ih,' 

medium frequPI1Clc<, to perlods bl'twt!(,11 d \.J(·('k dlld ,1 1II01l! Il ,Jlld t 111.1 Il 'l, 
the low treflUPtlC1CS Lo Pl'liods 11111/:('1' Ih.lll OIlI' 1ll0Illh, .",11\<1111)', Ih( 

seasonal cycl,' Tl1po. BOX(I) 0 llo':(21 4 1") ,lIld l',O},I',) P,O',llolllil) 

--
2 ~ 

(m le; ) ccc ECMWF ll()H()-~VI ) 

--- ------ ---- - ._- -- --- -

Total KE 1 152 22 200 32 (131'~) Fli ') 1 ( 1 Î (, \1, ) 

-- ----- ------ - - --- ._. 

KE Time Mean 
~ 

8 ~ , ï {J (1 l ') '/, ) Hl ') 1 ( Il ()~, ) 
-- -

Yearly cycle 1 1711 Il I,H 1 1 (J 1 ;, ) 

Tot SPd,Sonal 4 
1 fJ /(J l 'IH'I,) 

) , III) 1 Il ,'., ) 
-

Total Anomalv ., )3 19 'J 1 tH) (11\';,) KI 'd1 1 l ') ',; ) 
----------1----

Low Frequenc'I 6 
) , 

, j .' ] ,]',IH) 

Med Frequencv 7 20 lU ) ) .'h ( ]1) 1 p, ) ) , 
1--

!ligh Frf'q, 8 18 3 H .' 'j ',l (1 r, (). ) l' , , 1 l ',1); ) 

- -_._------- ---- - - -

This change ',o/tth trequenc'l band l', Ilot 1"IHIIl III :h" (r ( Illod" 1 , ,II 

t helr anomal'! f rH'rgy 

, , , .. 

i II{') t'., 

1 f !; i (li:" t 1 ( " ; J r )~.. '. (f J r l " 1 ( If' 
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ilar in the mode1 and the observations but their number and/or their 

strength will be smaJler in the GCM. A surprising aspect of this NH ki

netic energy breakdown is that the seasonal cycle signal is very weIl 

reproduced in the model data. To a les5er degree. the time-mean values 

are also well reproduced by the GCM. 

2.2.2 Southern Hemisphere overview 

Turning to the Southern Hemisphere 5tatistics found in Table 2. the 

picture is not uS clear. The total and total anomaly kinetic energies 

are both about 30% greater in the ECffiJF data set than in the GCM simula

tion. These proportions turn out to be, respectively, the same as for 

the NH total and slightly better th an what holds for the NH total anoma

lies. The annual cycle contributlon lS only a small part of the total SH 

kinetic energy ln both SH data sets This 15 a marked contrast to what 

was found in the NH. lt apparently has to do with the relatlve absence 

of land-sea contrast in this SH latltude band, with respect ta what is 

found in the NH channel used for Table 1. The higher harmonies of the SH 

annual signal are appreciably stronger in the atmosphere but they are 

still negligible with respect to the other components of the spectrum. 

The partitioning of the total SH anomaly energy in terms of low-, 

medium- and high-frequency bands does not yield the same qualitative re

sults as for the NH The lack of anomaly energy in the GCM simulation, 

while generally smaller than in the NH, is not as uniform as what was 

found there. The lower the frequency, the greater the lack (or 

difference) wnereas the high and medium frequencies are about as impor

tant in the analysis, the former are 25% stronger than the latter in the 

simulation. 

2.2.3 Overview conclusion 

What is to be expected from these differences? First of an, a 

smaller number of anomalous events (1.. e. those satisfying our anomaly 

criterion) and/or smaller events. both in the NH and SH. Secondly, an 

even greater importance of the locality aspect of the criterion in the 
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TABLE 2, 

, ) 
'1. 

Comparative kinetic ,'!wrgy nt t!w ccc lot.llion.1l V' .llIt! ECMlJF 

geostrop-hic components ln d SOutlH'l"ll Il''1l11~pllC'n' ')0 1:1'.1 .·01l.1! dl.II1lW! 
o [) 

from 25 S to 55 S ThE' percl'nt.lglH , quot-l'd und.,!, tlll' r:CMWF ('011111111 

are calculated with [C~pcct- 10 tlw l'ort-l'<;poIHllng CCG I.H,U!I', Thl' 
designation of lhe d1ffrrpnt bo''\('s .lrl' tl1<' ',dlOl' .1:-:' III T,lhl.' ! 

----
2 ~ 

lm /s') GCC ( 20 yed1'~) ECMWF (l~IHO-H/d 

--
Total KE 1 21 8 16 2 H!~ 1. f! (130t) 

KE Time Mean 2 13 III ') ) ( 1 :) / +. ) 
-

Yearly cycle 1 
, .)8 ( 1 1.' f ) 133 

+-------
Tot SE'asonal 4 /s '. Hf! ( ,> H(l'I,) 

- --~-_ .. _. _. 

Total Anomaly 'J 

'. u 1()i) JO ( 1 \\1.) 
----

Low Frequency 6 1 1'1 7') lI))+.) 

-- - -- ----- ~._- - --

Med Frequency , 
7 J (~ 3 Hl ( III Il 't ) 

High Freq. ') 

8 .J !~ ~ . 10 ( 118 't ) 8 02 

SH with respect to the Nil, duc to tlw l"C'I.JtivC'ly r,n'at('r lllljlort.lllCt' 01 

the hlgh frequencies in the GCI ~Il 1 t ~. Il 0 \1 1 cl f i Il ail '/ h!' li ()! (> cl ! li:l t 

there seems to be a better ove1'a11 quantitative dp,rc'pmpnt l)(>twP('11 .1Tl,dy-

':015 and camulat10n in the SH ,h,m 1 n : Iw ;,l{, t:vpn t h()lll~ll t Ill' '!ll,Il 1 Lit 1 VI' 

agreement is better in lIw t;H 

to be of high quallty, lite ',Lime lprtallllv LOllld not Ll' ',.Ild. IIp 10 '/('ry 

recently, of the SH analyses. mal nl v tille t 0 t 11(' ·.p.tJ"'.I'IH".'. of : IH> ob-

.servation net·,oJork. To '"hat l.·:l'·llt tLt, dl t rl 1'0111<'1<', 1" 1",("'11 ,llllll1.tllIJIl 

and analysis data, lloted ln the precl·dlng par;n~rdph'" ',dl 1", : r,1Il'c! hd(k 

to this feature lS not at all L11'3r 

2.2.4 Seasonal cycle 

Let us come back to rhp ',p!ic,oflal ''ir'l!· ,mri :lt .. !d(! :ltdl, fr01l1 

'Llb1e 1, lts amplitude :', 'i'.11tt' "('11 rr·prr)d'lcl·r\ III 'Ii" 1"",11 '.11 
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probably be considered separately. Another more substantial indication 

of this can be found by considering the loading vectors of the principal 

components lB (PC) of the covariance matrix constructed from the model 

l '" NH' h poleward of 30
o

N, tota '1' trans~ents (not S own) l,-le notice that, 

the square of the first loading vector (fin,t in terms of explained var

iance) is essentially identical ta the variance of the model ~ seasonal 

cyc1e
10 

(Fig la) The model seasonal cycle components thus seem ta be 

uncorrelated with the rest of the spectrum. It should also be stressed 

that, due to the relatively greater importance of the seasonal cycle in 

the NH model data compared ta what lS obtained in the observations, 

filtering it out completely is even more important in the first type of 

data. Ali this does not mean that the seasonal cycle is independent of 

the rest the spectrum. Indeed, we will shortly find an increased 

anomaly activity towards mid-winter and a subsequent decrease towards 

mid-summer, so that an indirect seasonal cycle is still manifest. 

The horizontal structure of the transients' frequency distribution 

in terms of the seasonal cycle, the low, medium and high frequencies is 

discussed next in greater detail. We compare the variances of the GCM 

streamfunction, ~, and the ECMWF geostrophic streamfunction, 1/Jg . The 

latter f1eld is set to zero within 20 degrees of the equator, the geo

strophic approximation being inappropriate at those latitudes. 

2.2.5 Horizontal distributions, A: NH seasonal cycle 

Figure lb displays the seasonal cycle variance of the NH 1/Jg The 

ccc and ECM1JF functions are very slmilar as to amplitudes and spatial 

patterns. Pronounced maxima dre found over the mid-latitude eastern 

coasts of the major land masses, but these are closer to the pole in the 

simulation, by 10 degrees in the Pacific and even more over North Ame-

rica. The minimum found over the Northeastern-AtlanticjWestern-Europe 

region 15 more pronounced in the ccc simulation while the reverse holds 

lBSee Appendix A for a presentation of the EOF jFe techniques used 
(mainly) in the next chapter. 

19Note that half the variance explained by the EOFjPC(l) component pair 
when replacing ~ by the rotational wind vector 'T is again identlcal ta 
the seasonal cycle klnetic energy. 
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over the North Americ,lI1 west-cOd!:ot Illt':,(, '>l'.I'.OIl.ll cvcll' 1I1.1~,ill1.1 .l1It! III 1 11-

ima are obviously rejated tü thl' l ,IIHI- '>1',1 l "II1!lt' r.1 1 III " 

gradients found dt their n~!>pl'ctl\',' PO!.II 1011', llw ' .. \1111' "pp 11,". t Il 1 Il,, 

third maximtun found o\'E'r (ot- nl·"t') thl' ,,1','.1 01 th .. ~1t'dlt"ll.tI\l'<l1\ ,llId 

Caspian seas, Pc rh .1 p S ct II e 1 0 1- , ' '> 0 lu t 1 01\ P r oh l" III '>. t Il l~, f l', il \II " l', ',Olll!'-

what washed out in the bllnuLltl0n, .I1tbollgh II l', !.ull quit,' "1".11'1" 

present, Consider that the l.md-"C'd Ilw!-ok ll',,'d i1\ t!JC' l;CM !.iIllUl.illoll 

represents the Mediterrarwan bv d rOl,il of olliv IWI'I\'1' )',l'Id l'0llll', will l" 

the Bldck and Caspi,:m spas I"dtp t',<lO /',l'ld'' 1'01111'. ",1( Il Il l', t 1111'. 1lo1 

unduly surprising that <,uch rC'l.lriw·lv ',IIl,llI ]oc,ll dllf"I'I'IIl',,,, .l', tll,' 

ECl-1\\fF double maXlInUIll in t hat .11'1'.1 do !lot l',l't l',q1t lll'"t! hv : Ill' 1I1111!,,1 

The model's sea surfdcP t('lllpl'rdtun' (')ST) l', "Pl'l'lfl,'d dlll! l', ,",-

!:oentially made up of d crude ,l!1Tludl (''Il' l" l'Ill', d(}(", not ',"l'Ill t Il h,' t (lt) 

bad an approximation at the plmwlary ',c,dp w,' IlOW 111\'",,( 1)',.11,' 

the phase of the modelled annual cycle> ~lgn.ll l~ l'Oll~l(h'rpd ~llOt "IIOWIl), 

we find that it is such as to promote the d(,('1)('('( ,'d'>lt'nl ('()ll(lllI'llt.l1 

troughs at approximatively the pnd of l'ebruary 

littie variations in these phases north ot WON 

of the negative extremum essenti,dlv rdnl~(> frolll ITIld-l .. hrlldr', ,Il 1Il1c!-

March, This pldces the seasondl cycle lIl'drly III ph.!<,(· wlth (hl' !,Sl' 

The annual cycles found in continental <ln'.!s ~uch SlIH'I-I.I ,lIId 1 li" AII]('rl

can Great Plains precedes lhat oi ou'allie .11"1'.1', hlll ,ht'Il f,"l',' "('1'.' 

::.lightly, that 1S bv le::.':> thilll ;'() dol\'., 

Overall. the agreement bet'N'l'('n the ',lll\ul dl (,<1 .,1\<1 "\)',{<) "t'd ',(1 ~ \'01 

variances on the seasonal nme ',C.1L(· l', '1111t(' i:[)f)d, ,,', '';''', !(, !"" "1'(>('-

ted from Table l 

2,2,6 Horizontal distributions, B: NH anomalies 

't."e have !:open i rom ["bl éc, "lld ' li .. 1 ! 1 If "P,I < 1'111< fil \d T • .... 1 Il : ll( 

slmulation and oh,,,ervolt 1 Oll!'. i ~~ l ,() t .1(j )!)()(! jor t Id' '11"111 .. 1 l' ,hd r ,Il f' 

pxactly thesc d1scrr'p;,llciL~," t),i rt ' .. .. .dlt! !, " t j . ;','11' , lit! ri 1 • 

pldy t'he 10'';-, ·nc-d l ',m- , ,!! .. of,1 l' . " . !.I 

r:CC SimulatIon <Incl If.:1''':F <ln,II'I'.(·'., r< "PlI: 1':< l,' ',;11,11,.1' l ;;','1'"', d. l, "' d 
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from other observation data can be found in Blackmon et al. (1984), for 

example 20 . 

The main qualitative difference between our two sets of variance is 

that, as we consider lower- frequency ranges, the main model patterns 

tend to split into latitudinal dipoles, whereas the observations display 

monopole patterns at all [requencies. This difference is greatest over 

the North-Atlantic, to the extent that, ln the low-frequency range, the 

absolute maximum of the model variance now appears over Greenland, 

Fig. 2a, whereas the observed absolute maximum is in the Pacific, 

Fig. 2b. The ~orth-Pacific region suffers from this dipole problem only 

for the lowest frequencies The observations do have local maxima 

northward of thelr main oceanic patterns, but the intensities of the 

former is negliglble compared to that of the latter 

Another difference is that the Northern Soviet Union maximum found 

in the analysis (and only) in the low-frequency range is not as clearly 

defined in the model data. This latter position is the third preferred 

NH winter (NHW) observed anomaly position as determined by Dole (1982). 

The two other NHW anomaly positions can be very clearly identified in 

the simulation low and medium frequencies. 

In light of the transient high-frequency resonance theorv discussed 

in the first chapter, it IS of sorne importance ta note that the rela

tion between the two high- frequencv storm tracks and the medium- and 

low-frequency oceanic patterns IS qualitatively the same in both klnds 

of data. The lower frequency patterns are found downstream of the high-

er frequency centres Any posslble causative link between chese fre-

quency ranges is likely to be the same in the simulation and the observ

ations. 

In the high- frequencv range, the P.:lcific storm track seems ta be 

relatively well simulated by the model, Fig. ~a, both in terms of POSl-

tian and ampli tudes. The Atlantlc storm track i5 well posltloned but 

20Same frequency ranges but for the winter geopotential helght5 5t.:lndard 
deviations. 
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its amplitude is only 50% Df its O!>O,"I"V,'t! ClIlIlI(,'IP,II'(, 11g AI: Ill' 

same time, it is onlv 2/3 .l!> .lètlv,' d~ It!, l'olel!I, 'O\lI1tt'rpdlt, ""'h,' 1 {' ,J', 

bath storm tracks ,He dbout .I~ '.trOIl!', III [Ill' ,,1>',"1\'0111011'. t\ 1 " II , 

pears ta possess <in l'xten!:olon !owdnlc, SpI[!,hl'l!',,·Il • .Iloll!', l,I'·"llldlld. 110: 

found in the observation!>. l'hl' A:l.lIltll' : v!'" ,,1 !,''l·.j·,t''lIt .llllllIl.lli,". 

has been rnost often prest:'llted. both bv [Ill'O!'!'! 1,'ldW, dlld doit" 0111011\'·,:·,. 

as a possible examplp of l'vents "ltl1<'l' forc,·li or 1I1.111lt.llllt·d 1>v Illt'·!.lt, 

t ions Wl th h:gh - fl'f'qllencv Ihll', • : hl', III",' 1101 111 '.111 \0,1)111<1 h.· 

notlceably weakened ltl tilt, Illodt·j • Ill.! • Il 1'1''',''11:. 1 t «>Id d l'O'.', dd \' "p, 

erate at more nort!1erlv IdtlludtH
, \,IIl'11 (I)IIIPdlllll', ''''Illl 1)(11"1 '.111111011 

) ) 

observation or !:olmuLitloll"'- <ln,II\",,·o,. ' .... ,. ·.~I(J\lld \."'1'111 1'11111\ :holt 1110'.: 

authors. 1l1cludlllg those jll'PVl ow, 1:, <'ltl'<1. ,oll·,ld.'r :h.· WIII:"1 · .. ·.1· .. '11 

data excluslvely \lh i le: h i s j!, Il () t 1 h (' • ' ,1 " l' Il<' l ". : 1 Il' 1'.1: l ,. 1 Il'. .11 cl 

':alues we find are gencr.1l1v qUltl' 'olmi !.ll,)3 

In the medll.lm-frpql.lencv l"il1)'.l', \ 11(' I!\()(!t·l l',H'l! H' 1'.111 l·lll. 1 1)'. \ 1. 

is 30 degrees upstre<.lrn of the ob"t'l".'dl)oll p.ttt'·IIl. 111'. l h., 1I111t1"1 

Paclfie persistent anomalles cire L1lu~, l'xppctl'd 10 hl' ,IO'd'l' 10 Ill,' dolt.'-

l ine than the ubsprvpd OI1P!:o Al',o, d'l!' 10 rl1l' dq)()!., '.[111.1111,· jlllllloi 

over the model AtlantIc, It~ preif'rl'pc! jlf'r<ol c,I 1'111 dlIOIll.i1" 1'0'0111"11 III 

that sec tor l!> a 150 expectcd t 0 1,(' ',p 1 i tin : · .... 0 III 'otltl.l',t tll th., 

high-frequency anomalies, the Illodp] tnl'dlllln r,Ill)',I' ~, "'dlld!l( (", III :!J., l',! 

ci fi c and Atlant ic .Ire of compardlJ 1 f' lII.1i~1l1 111<\1' 

It 15111 the lüW-fl'('rjllC'IlL" I.lli·(· 'II,,: l' .. , 1 j l' 111<1 ,1: ,.rll l' 

model dipoles are the cledre!>t 

their northern part,>, :20 d('p,rc'l'<' 1'01 "\0:011'<1 rd : II.!! 1 llf' III" cl l' 1 ,\ 1 1,j 1 il 1 1 

patterns are now <'rrongt'r than Ilwlr l'dll!lf '(jlllllf·I!' .. I!', ~;" 1.· ! II,!! 

thls is not the l3SP ln thp nb',f>r"dl j"I1', il,'I', .... ,. ',ho\jld Il'" l", '"" 

:,urprlsed to flnd ,~()r(' model i"I'.1 'rll' '''(!ll. ,,", 1 ·it, /.' },ll., l' '!,lll 

2l S('(' r:haptf'r l ',,1' ;r·()n r!,: .. ;:'. 
l ) 

~ ~ ,\ c,. LI U 1 El il 1 l ' , 1 1 ri l', , ( d r '. ( ;;,! 
" 

L -'L,:,u's I-('sult:, .aI:( l' 'l,Ill', ),,' ](,:, 

.\t1<.ntl" 1.1",h ::"1'11'1"',' .... :,1': .. ": 
-:p 1 ': 

• (),' j l ~ d r. fI. 

1" d ri ' 1 r) 

:,{/ ...... i' l' 1: ,f 
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~e now conclude this section. The model seems to display a greater 

number of NH centres of action than the atmosphere. The reason for this 

may have to be investigated24 . The atmosphere's centres of action are 

all present in the model, including the NSU centre, although to a lesser 

extent, but their relative importance ~s not quite the same as in the 

observations An ~ntriguing result is the difference between the Atlan-

tic and Pacifie model values The Pacific ~5 more active at the synop-

tic time scale, while the Atlantic dom~nates the longer time seales. 

This is not verified in the ECMWF observations, where the Pacific is at 

least as active as the Atlantic, at all time scales. 

2.2.7 Horizontal distributions. C: SH anomalies 

In view of their weakness, the model and the atmosphere' s SH sea

sonal cycle are not discussed in any great detail. It is sufficient to 

mention that the only location where both are relatively important is 

over the Antarctic, where they represent about 30% of the total model 

transients and over 50% of the atmospheric transients. Everywhere else, 

this percentage is much less. Maybe due to the shorter sample avail-

able, the ECMWF streamfunction variance is not as smooth at this time 

scale as the model's. 

Again, parts a and b of Figures 5, 6 and 7 display the low-, me

dium- and high-frequency SH 1/! and 1/!g variances for the CCC simulation 

and ECMWF analyses, respectively. 

The model and observation variances display qualitatively similar 

distributions at all time scales. The relative importance of maxima and 

their positions at different frequencies are well reproduced in the 

model In fact, the agreement seems better than what is found in the 

NH, lnasmuch as the simulation' s centres of activity closely resemble 

the atmosphere's centres. The Antarct~c ~s a region of minimum activi

ty. The SH important centres are located equatorward of th~s continent 

24For example, could the Greenland centre be in sorne way related to the 
apparent northward extension of the Atlantic storm track? 
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but generaly poleward of 40 S, 

The biggest difference dppearlng.Jt Ion~~ time !>cal('!> is ln tll(' 

South- Pacific. downstream of New Zealand The Illaln model p.ll! l'ln ,It low 

frequencies is located closer to South-Amerlc.i ,iS \0/(,11 ,1<; potl'w,lrel 01 

the correspondlng observa tians 

split between the South-AlIlerican and Nf'w Z(',lLll1d IIhlXllll.l b Ilot .l', l'l,'dl-

in the slmulation Still, ~;C'w ZCdland lt!-'elf dppC'i1rS to lH' II1IpOrt,IIlt III 

both types of data as lt marks the bef,llll\ll1f" of tlw South-l'delt Il 1II.IX1-

ma. This may again be related to the extensive high-tr<'qut'l1cv ',tolïn 

track that is to be found in the longlludin.:llly plongal('d rc'glOIl l'l'lit 1',,<1 

at 45
0

S over the Indlan Ocean. This storm trdck t'Ilci~ JU':>L lIP!'! n'dlO 01 

~ew Zealand ~.Je are lndeed l'PlOu1t!pd of t!J(· <,lll1il.lr <.irll,ltl<lll IlCltl·d III 

the NH where low-frequency lOa:-"Ulld !o111'w tlw !Jlgh-fll'qUI'Ill'V 

Another difference is that the obSCrV.ltlon's lI1aXllOd ,1('(' ',hdlpl'r 

than the mode 1 . s , For example, Lhe high-ir('qul'Tlcy 111.1':111111111 l', ')Ot, 

stronger ln the atmosphere. But we already know, from Llbll' J, lh.1t tlll' 

gross atmospherlc ,md model .ïTlOmalv ',tati.stlc.s COmpcll"'(> I)('o.,t ,It t hl', t 11111' 

scale A closer look at Figs 7a and 7b reveals that the <liffe'n'Ilct' Jo., 

malnly confined to the 1mmedlilte Vlclnitv ot the In<lXlIlIllIn lla' h,wv-

ground actlvity over wèllch the Indi.111 ()«(>fln 111,]:-.1111\1111 p.lttc·lïl l' ·.tlpl'I'IIII

posed is qUlte 51miLlr ln the (:CC dlld rU1' . .JF d,lt.! <,l'L', dlld l', l,v 110111<'.,[1', 

negligible The channel dverag(' '/flluvo., f nl/Il t () 
fi 

(JO " W<Jll 1 d t IIl'Il 

agaln be comparable 

The precedlng comment O!l the' :Il'port,,!lcc' (JI th!' hl/"h-II('jlll'Ilr',' ',H 

background activity holds at aIL tllne ',c.al(!,> ('oll<,ldc·rc·d h('/Ï' 1111 '. 1'. 

the single most Ullportant dlff(:l'('[l{u Iwtwc'(,11 the' ';11 .. lId :,1I 1('·.u1t, .. 

where no such back~round dCtl'lIL'! 'dll 1)(· tOlllld 

! I}I i 11\;', 

'1 :)" "11 

::han ln the 511 Lo w p r f r (' r j U (' n CI .1 ( t. l '; 1 t·; (d II fi () t 1 JI' ' .. t 1 ri : (, 1 JI' " JI If 1 1 Il ri 

:1,('1 " 

) 

I-.)Sl'e 11cld (1~'83) f()r '1 (ll·~C·l· .. ',l()II (J! ·!ll' . . r: •. ,! 1rl .t ',il 1 l)flt4-t 
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are admittedly certain preferred longitudinal positions, but these are 

by no means exclusive. This is most obvious in the medium- frequency 

range, Figs 6a and 6b. The model and observation background activity 
13 4_2 

levels are there respectively greater than 4. OxlO m sand greater 
13 4 _2 0 

th an 5.5xlO ms, at 45 S. 

SH longitudinal anchoring effects, if such can be said to exist, 

are clearest in the low-frequency ECaWF data, Fig Sb, and to an even 

lesser degree in the corresponding CCC data, Fig. 5a The three centres 

that can be identified happen to be downstream (and poleward) of the ma-

j or SH land masses These positions are the same as the SH preferred 

persistent anomaly positions, as determined by Trenberth and Mo (1985). 

The South-Atlantic maximum does not show as a distinct extremum in Fig 

Sa, but is still discernible as such from the figure's contours 

We expect from the preceding discussion that the model SH 

persistent anomalies resemble quite closely their observational counter

parts. Their frequency of occurrence and/or amplitudes will be reduced, 

but their positlons should be nearly correct. The anomaly distributions 

themselves, to be discussed next, should not be as geographically con

cencrated in the SH as in the NH, due to the greater background activity 

present in the SH medium and low frequencies. 
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2.3 Anomalies in the space domain 

We now present the spatial distributions of positive and negative 

anomalies in the Northern and Southern Hemisphere wi nters and summers 

(NHW,NHS and SHW,SHS, respectively) These anomalies are those that 

satisfy the criterion discussed in Sections 2 1 3 and 2.1 4 The intf'r-

mediate seasons will not be discussed in detail. In tenus of the ilnOma-

lies as we define them, they are transition periods, not periods of ac

tivity extrema. 

It should be noted that Treidl et al. (1981) conclude that the mdX

imum and minimum periods of NH blocking activity dre precisely tlw 

spring and autumn intermediate seasons Theil" approilch, however, i~ 

subjective 26 and, because of this, doe~ not include rcmovillg the s(,i1son-

al cycle prior to attempting an identification of the events Wh i le tlH' 

former just means that reproduclng aIl their result~ could IH' t('chnlcal

ly difficult, the latter presents a W0re fundamental prohlem, as we have 

already pointed out From our discus~lon on tlH' importance of the 5(';1-

sonal cycle, it ls not too surprislng to flnd that Trpidl pt al. 's annu

al cycle of blocking h~gh frequencies is eX8ctly out of phase with the 

atmosphere's annual cycle. They observe wore blacks when the annual cy

cle is such as to promote the de('pest east-coast troup,hs, l (', wlwn etH' 

climatological flow itself givcs the impression of beiflg partially 

blocked, and fewer when this flow pattern b at 1 ts low('!>! activi ty 

level. 

The figures that will be presented in this section llilve not been 

scaled in any way, in that the model valucs arc val id OVPl" li 20-year 

simulated period and the NMC values are valid over a 1/~ -ypür ob5crved 

period For ease of comparison, whenever wc guote specifie distribution 

values, wc will as weIl translate these to values approprinte for a tpn

year period 

26Consisting of a visual analysis of 23000 JO kPa metcorolo~ical charts 
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2.3.1 Positive and negative NHW events 

Using our anomaly criteria, the NHW model results are now compared 

ta NMC analysis results. We present only the sum of the distributions of 

positive and negative anomalies. The individual distributions are quite 

similar, both for model and atmospheric data. The differences between 

the positive and negative will be mentioned as they arise. 

As is shawn in Fig. 8a, for the NHW model total distributions, the 

three centres of anomalies identified by Dole (1982) are clearly present 

in the CCC model The relative importance of the three seems, however, 

ta be somewhat different from what holds in the corresponding NMC ob-

servat~ons, Fig. 8b Indeed, we see in the latter figure that the At-

lantic and Pacific cases are about as frequent ~n the NMC data (56 vs 

62 cases, ~.e 40 vs 44/10 year). This equ~partition a1so holds crue if 

we consider the distr~butions of positive and negative events separately 

(not shown). On the other hand, the CCC simulation wou1d strong1y favour 

Atlantic events (44 vs 33 cases, i.e. 22 vs 17/10 year). The model seems 

to overemphasize positive Atlantic events with respect to posit~ve Pa

cific events (not shown). This is not the case for negative events. The 

model northern Soviet Union (NSU) events are too frequent both w~th re

spect to the Pacific and to the Atlantic events: the proportion is cor

rect for the positive NSU events but not for the negative events 

As we anticipated in the preceding section, che main oceanlC pat

terns have more of a meridional extension in the CCC data than in the 

~MC data. The observations' maxima straddle the simulatton's patterns, 

as was the case for the low-frequency variances. We now have an Alaska 

and a Greenland preferred sub-area, but the main areas are still close 

ta the traditional ones. It is interesting to note that this problemat

ic extension is also found for the NCAR/CCM Pacific anomalies as can be 

seen ln Bla~kmon et 31. (1986)27. 

The model anomaly distrlbutions may be reflected by new circulation 

27Their Figure Sb. 
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patterns arising in conjunction with their pxtensions For C'xample, w(' 

will later see, when discussing the variances assoclated wlth indlvidudl 

types of events, that some of the model NSU negativ(> ev(>nt~ .11"(> in [.let 

linked ta the previously identlfied Greenland pa~itive and mld-Arldntic 

negatlve events This connectlon 15 absent in the atmosphere, but il 

lin1- seems to exist there between the Atlantic .1l1d NSU nq~iltivp ['vpnrs 

This link does not lnclude a Greenland component, but rather .1 Spdndina

vian positive component. This is qulte clear ('ither from Dolp's (1Y82) 

Atlantic or NSU negative composltes or ft_-om the composites obtailwd wlth 

our crlterian (to be discussed later) The main difference, however, Iw

tween the NMC and CCC results lS the smaller number of events in the ccc 
data, as was to be expected from our discussion on anomalies in the [re

quency domain Please note that the NMC results 5hould again not bp con

sidered equatorward of 20
0

N or 30
o

N, here as weIl dS in Fig. ~ 

As we alluded to when presenting our modified Dole criterlon, quite' 

a few more events are now found than would be the case with ttH' ~ta!ldnrd 

Dole criterion, of the order of fourfo1d if we refer ta lhe observa-

tions, even when we use essentially the same thresholds as he do('~ 

The number of positively b10cked day~ per winter is now of the same 

order as that found by Treidl et al (1981). When the negntlve .mo-

malies are consldered as weIl, we tind, for eXdmple over lhe North-Al

lantic, that something noteworthy is occurrlllg O!l two out of ('vprv thrl'p 

winter days The mean event duration IS <11<,0 qUlle ('omparabl~ Wilh what 

was earlier found, elther by Dole or Treidl'<; team, thal l~" 01 t1}(" 

arder of 15 days for Atlantic events The alll\o~pheri.c event~, found by 

this local crlterion are in fact a <,uperset oi the orif,lnal j)olp ,,(·t 

In an attempt ta capture certain events that IIIdy have been hr i cf 1 y J ll

terrupted by fast transients, Dole fllters out the very highe&t frequen

Cles in hlS data set. We have found lh.lt dpplying tlllS dddlllOIl .. d pro-

cedure does not yie 1d a greater muntwr of (·v(·nt_~. \':hdt till', IlI.!V poillt 

out is that there arE> no ather pur'.l·Itt·Tll 1ll1d-ldllludl' ("J('llt" 10 Il(' 

Identified with thi~ type of melhod, l (' {Jlll- dllOlT!,dy ',l't ',t'l'Ill', l (llll-

pIete rhe same would hold for thl: (,(,:1 'JlInuLll1011 

fted that the observed ilnd model dllOlfidh di..,tnIJUl!UIlS 'N'llhln tlH' Wllll('[ 

season are not IHased towards "Pl-Ill,', I1111~, .qJpnnllll,ltl':ply d thttd [d 
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the total winter blocked days are found in February. 

Persistent events can be se en to occur at any particular geographi-

cal position in the NH. However, their distributions are by no means 

spatially homogeneous, the preferred positions (i e. the two mid-oceanie 

and NSU regions) belng three tlmes more frequent th an any mid-continen-

tal positions. This holds both ln the atmosphere and in the model 

With respect ta a possible llnk wlth high-frequency phenomena, bath of 

the oeeanic maxima of the NHW perslstent anomaly distribution'; -::an be 

found immediately downstream of the two maw regions of high- frequency 

aetivity This is again the case for the observations and model. 

2.3.2 Positive and negative NHS events 

The model and atmospheric NHS total distributions of perslstent 

positive and negative events, found in Figs 9a and 9b, respeetlvely, 

differ more th an their corresponding NHW distributions The two oceanie 

patterns are still present, but so are new model continental patterns 

missing in the observatlons The latter patterns could well be linked 

to a model tendency for extremely high surface temperatures 28 and heat 

domes over areas sueh as the American Great Plains and Iran. Indeed, 

the new extrema reflect the presence of negative circulation anomalies 

over their reglons The NSU maximum is now appreciably weaker in the 

model with respect to the two other maln centres. 

in the atmosphere 

This is not the case 

One consistent summer feature found bath ln the model and the at-

mosphere is a shift in the Atlantic maxima towards Europe. :he model 

Greenland extension is still present, although much weaker than in the 

NHW. In Vlew of the previously mentlOned North-Atlantie/Greenland/NSU 

link in the model, thls may or may not be related to the weaker NSU cen

tre. The ~HS Paclfie maXlma found in both data sets are now shifted to-

wards Asia with respect to thelr wintertime positions 

28 Mean summer surface temperatures of the order of 37 0 C to 40 0 C. 
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The maximum number of events is drasticallv rpduced [rolll theH NIlW 

value, approximately by a 

the distributions are even 

factor two. The longl tudinal dit f('rences in 

greater than in the N!lW 

cally no mid-latitude NHS persistent contlncnt.:ll l'Vf'nts in tlw dtIllO~

phere; the same holds in the model, apdrt from the afore-Illcntloned Pl-ob-

able model deficiency Whatevel' the mechanlsm caLl.sln~ them in t IH' NIIW, 

iL seems ta be inoperatlve in the NilS. The oceanic events do not seam 

to be as affected, as their number is not reduced dS much 

2.3.3 Positive and negative SHWevents 

We now turn ta the SUffi of sm.] dis tributl ons of pas 1 ti ve and nega

tive cases presented ln Fig lOd and compare It with the ,momélly ,maly

sis of Trenberth and H0 29 (1985) The model reproduces tlH' lwCl IlIdln ,lC

tion centres south and downstream of both New Zealand and South AmerIca, 

over the South-Pacific and South-Atlantic oceans. When the f'vents of 

the two South-PacIfie model extrema are totaled, the rf'latlve lmportance 

of the two regions is slmilar ln the GCM, the South-Pacific region being 

more frequent by far A third centre in the southern Indi.:1n Ocean, 

aga in downstream of a major land mass, Africa, 1s present in bath the 

rnodel and the WMO observations but :oeems much weaker ln tlll' Liller, dl-

though van Loon (1956) al.so identifie.s this thud celltre, Ilo,lllg ~.llrfa('(· 

pressure data. 

Our erlterlon was not dpplled ta d o;,utfiClE~ntly long llllle ',('ru'" oi 

SHW observations, so 11 direct comparison of the trequencie:o of oI11ol11<11y 

occurrences is not yet directly dvailable As we have dl ready "P('ll 

(Fig 8a), the NHW model result.s dlftcr tram both the NMC fn'quencies 

presented by Dole (1982) and our own Nt1C .lllomaly frC'f]llcncy ,1Ilalysl':o 

(Fig 8b) ln a more quanti tatlve lh,HJ qUdl 1 tell )'/(> II1dlllwr J t, d " 'NI' Cd 1\ 

reasanably expect, tho.se quantltall'/(' difte)'('I\CI'" .d<,o ,q>pl:1 ln 1\)(' 'JlI, 

we can dgaln say, while reLerrlng tü the ,>tdtl',llC', of 'J'rr'lllJ('nh ,1l1d ',10 

(1985) for the observed po.sltlonal in[orrnalloll, lltal the modeJ Ita~, fro'"H'r 

anomalies than l'he atmosfJhere, lJ'lt tlH' ,momalle.s It hd" dr!' ,tt t'(Jugldy 

')9 
~ Done ',oIith t·.oJice-dailv nper,ltlono11 .dldl'/'-.e', frrJln the 1"':'10 ~1f'1\Jollrnl! 

centre, 'lalid from :1;1'1 l'Jl7 ra ~;ov('rnl)('r l'J8U 
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the right pas i tians. 

One obvious difference is the split in the New Zealand/South-Pacif

ic model centre. Trenberth and ~10 ~dent~fy only one observational pat

tern in this reg~on, whlle the eC'1 c learly has two, resul ting in four 

overall max~ma. lt is al 50 interest~ng to note the nrdrly regular posi

tioning of these four SHW event maxima lndeed, the three southernmost 

maxima are separated in longitude by approximat~vely 120 degrees and the 

two northernmost by 180 degrees 

Compar~ng the southern and northern winter hemispheres and using 

the same Crlterlon, the eCM has fewer anomalies ln the SHW than ln the 

NHW (as is the case ln the atmosphere) Inasmuch as the spatlal scales 

dlsplayed by an dnomaly distnbutlon wlll to a certain extent reflect 

the scales of the anomahes themsel ves, the spatial scales dssociated 

with the SHW events are slightly smaller. This may or may not be relat

ed ta a more local type of explanation being approprlate for the SHW 

events, as discussed in Baines (1983). 

The major centres ln both winter hemispheres are found immediately 

downstream of the most lntense high-frequency actlvlty. As such, che 

high to low frequencies llnk stlll seems to hold and the former frequen

Cles could very weIl be part of a triggering or maintaining mechanlsm 

for certaln low- frequency (persistent) events. We have also commented 

on the fact that the SH hlgh-frequency actlvity lS much more geographl

cally widespread than in the NH. This may in turn be re lated ta the 

SH's weaker pattern of (climatologlcal) standing waves, as these latter 

are known ln the NH ta provide for locally unstable regions where hlgh

frequency events tend to grcw, That these reglons are found immediately 

downstream of the :\H l..md-masses IS aga ln hardly accldental All of 

these points are quite consistent wlth the SH' s comparatively weaker 

longitudinal dnchonng of persistent events, in the sense that the 

events seem less constrained ta occur in relatively limited areas. 
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2.3.4 Positive and negative SHS events 

We now end the discussion on dtlomaly distnbutions hv quicklv l'on

sidering the sum of the SHS positive ,md negdtive lIlolh,l dllOInaly dl~tri-
butions, Fig lOb This field 1s qulte simiLlr to the corr('spondil1g 

figure of Trenberth and Mo ,1CJ85) TIl(' l'v('nts 1l0W t (,l1d t 0 OC'CUl" .1 t 

about 50°5 and no splitting of the Npw Zl'<1LlIld Pdttl'l'l1 can be obsprvPd, 

compared to the SHW Inodel ca~e~ 

be clearly identified 

At the same tlme, the SUS bdckgr0tllld dl10l11d]V L1ctlvity i., Illon' Im-

portant with respect ta the extrema than what is found i ri l!1p NilS A 

final point we w1~h ta Inake 1" chat rI\(> re>ductlon III ,1ll0Indlv .IctlVltV 

from the SHW to the SHS 1" Ilot dS Sl'vpre dS what IS o!J"'t'rvl'd (.I11d !!I()ci-

eled) in the ~m 



1 

1 

Anomaly distributions 

57 

2.4 Composite events 

2.4.1 General considerations 

Overall, as we expected from the discussion of model and atmospher

ic variances, the model anomaly activity is ln better agreement Wlth 

that of the atmosphere in the SH than ln the NH. This seems particular

ly true in the SHS ~e can stlll conclude that the model does reasona-

bly well in both Hemlspheres and both extreme seasons Thus, we can ex-

pect ta find use fuI model analogs to atmospherlc situatlons The nex~ 

point we explore is the spatial structures of certain tlme - mean events 

This is done in arder to ascertélln ta what degrce these model events 

possess the Sdme characterlstics L' the atmospherlc ones A complete 

catalog of model events lS ObV10Usl)' out of the que~tlon Flrstly. we 

have already seen that some of these anomalies may not have dtmospherlc 

counterparts Studying these latter types, while interesting ln itself, 

would probably not help us ln increasing our understanding of the atmos

phere's hehavior wlth regards to lts persistent patterns. Secondly, 

even lf we restrict ourselves only ta the types of events that do have 

atmospheric correspondence, sorne of them are probably lLnked together, 

as we have already alluded to . 'hen discusslng il poss ible NSUjNorth-At

lantic NHW connectlon Also, there are probably a limited number of 

processes leading to the persistent structures we now lnvestigate An 

equally limited number of event types ·...:ould then be approprlate For 

these reasons, we limlt the followlng discussion to events found in the 

win ter North-Atlantlc and ~orth- Pac lfic and finally, ln the summer 

New Zealand/South-Pacific sectors 

We choose to present maps of the composite total and anomaly 

streamfunctions for each case, in order to display the mean horlzontal 

structure of the events As such, the reader ~"ill flnd ln Figures 11 ta 

16 the total streamfunctions displayed as unlabelled dlternattng stip

pled and clear bands, superlmposed on the anomaly field, WhlCh is itself 

displayed uSlng heavler contour line~ The high and low values refer

enced on the maps are those of the anomalies The same type of maps are 

also construc ted from observat ions Iv'hen they present important differ-
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ences from the composite maps of Dole 

contour intervals remain identical 

(1982). As weIl, the anoma1y 

throughout the series, l.e. 

The contour intervals of the total streamfunctions are 

At this point, a few comments on the compositing it~E'lf arE' proba-

bly appropriate While the events are ldentified usin8 daily data, the 

composites are deflned from pE'ntadic data Tins modIflcation is only 

introduced so that, in light of the decouplInf, tillll'S that can bp 

inferred from their lag correlatIon statistics, tlH' atlllo!->plH'rlc or mod

elled states that make up the flncll compo~ites arp ~uch that one would 

normally consider them to be es~ent iall y independent frolll OTl(' ,lIlotlwr 30 

This will become lmportant ln the f.cxt chapter wllPl1 WP di~cu!->!-. tlH' var

iance patterns associated with certain types of l'vents 

We retain pentads when any part of an l'vent OCClJl'~ withill them 

The composites will thus genl'rally contain part of thp bUlld-up and de-

cay phases of the events One Immediate consequpncp of this is that an 

event that lasted longer wIll have greater wpight in the compositing 

th an a shorter event, even tough every pentad i s gi ven the same we i ght 

This is partlcularly true of the relatlvply short pvpnls that bnrE'ly 

satlsfy the crlterlon The longer lac; t i ng event!.> do not c;uffpr tao much 

from thls problem Anothpr consequence of the COlllpOS i li nI', mpthod i~ thdt 

the composite events appear weaker than thplr lndlvidual even(~ 

The total sample used in the composite is much Llfgpr than what i~ 

found to have been used in previous studies As an f'xamplf', whl'n Dole 

(1982) built his composites, he gave each pvent th{· ~dml' welr,ht by con-

s idering only the Indi vidual event means His Atlantic N!lW negative 

composite is thus made up of the means of the six event~ he idpntifies, 

30This ls verified over the modelled wintertime contlnf'ntal landrn<lss(,~ 
and over most of the Nil oceans, d~ the five-day pointwisp lag correla
tions of 50 kPa 1jJ then become statistically in~igTllficaIlt TIIP same 
cannat be sald over certain other oceanic regions, particularly in the 
Azores high reglon, where strong lag correlations persisc weIl beyond 
ten days Small values of lag correlations are even more prf'valent in 
the SH 
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while our NMC NHW Atlantic negative composites are calculated from at 

least 90 to 120 five-day periods. This will also become important in 

the next chapter. 

2.4.2 Composite Atlantic NHW events 

We now discuss the type of composlte anomalies presented the most 

often, the North-Atlant1c events. Figs 11a and Ub show the posltive 

and negative model composite NHW anomalies, respect1vely, when a centre 

position of (18
o

W, 44
o

N) is chosen, this pos1tion 1S the one where the 

greatest number of positive and negatlve NH\~ model events can be found 

There are in the t'o-JO plots, respectively 23 cases covering 87 pentads, 

and 21 cases coverlng 78 pentads 31 

The positlve case bears a strong resemblance to the Dole (1982) 

positive composlte at the same posit1on, that lS, a strong positive cen

tral cell, resultlng in a blocked North-Atlantic clrculation, with an 

indication of downs tream and equatorward wave -like propagation, hence-

forth caUed the E:1A, 1 e Europe/Middle-East/AfricA, pattern A weaker 

negative anomaly south of the maln centre completes the Atlantic dipole 

pattern. There flnGilly. seems ta be Li hlnt of a north/south oriented 

chaln of extrema that inc ludes the two Atlantic, and weaker Greenland 

and ~SU centres. ~;o other global scale features of importance seem to 

be present 

Turn1ng to the negative composite, the p1cture 1S quite different. 

There is again an indicatlon of the EMA downstream Rnd equatorward wave-

train, but much more lS happening elsewhere The NSU and especially the 

Greenland centres are here very important centres There also seems to 

be sorne diPole-like events taklng place in the Nartheastern-Pacific and 

two negative extrema are found over Sudan and Karea Thus, the picture 

we get around 30o~ is of four negative anomalies falrly evenly separated 

111 longitude The geographic centre around WhiCh these negative extrema 

31Removing the pentad portions corresponding ta build-ups or demises, 
the events, strickly speaking, last a total of 360 and 320 days, re
spectively. 
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are distributed is closer to the NSU extrema than the North Pole Sti 11 

the Atlantic dipole is the strongest by far. lts negative centre is as

suciated with a zonal flow over Europe, while the positive centre 

enhances a northward meridional circulation, l t' blacks the North-At-

lantic flow, in marked contrast with what Dole (1982) found 

I t is not at a11 clear that the sum of aU the different extrema 

found in Fig. lIb represents a unlque and consistent circulation pat-

tern, or rather a mean of several types For example, the Pacific ex-

tensions could be (and they in fact turn out to be) the signature of a 

few double blocking events It is dlso possible that not every Atlantic 

negative centre is assoCiated wlth ,1 Gl·eenland positive centre The 

events where they would not he thus c1ssoclated would then l"eSClIlble nega

tive Images of the posltlVE' events round III Fig 11a 

Dole's (1982) negatlve composite, whIle stIll more global ln nature 

than his positive composite, still resembles the latter to a further E'X-

tent than is the case in the ccc s ImulatlOn. The main difference be-

tween model and observatlons, as the y are presented by Dole, is the 

strength of the Greenland positive centre in the model negatlve compos-

ites lt could be that the model Greenland positlve centre 15 a retlec-

tion of the tendency of the GCM for a more northerly jet !:>tredffi ln

deed, we have already established the model's tendency for more norther-

ly low- as weIl as high-frequency eddies, namely ln the AtlantIc Il u, 

now also known that, at least ln the ~;H atmosphere, high- trequency 

eddies are associated w1th the accelerattonjdeceleratlon of the tlme

mean jets (main1y along their northern flanks) whlle the low-frequency 

eddies seem ta be Ilnked ta thelr deceleratlons (at the Jet exiL)32 

The NMC (1965-79) observatLOn composites of posltive <lnd negatlve 

~JHW Atlantic events at (18\J, 52°N), as determlned from our cr1terlon, 

can be found in Figs 12a and 12b This centre positlon is chosen d5 It 

lS our closest grld pOlnt to the Atlantic position used by Dole at 

( 20 oW, "OoN) I h ld 1 d 1 h 1 J t s ou le pOlnte out tlnt lt 1S not t e posItIon wIPre 

32See E'ither Hoskins et al (1983), Lw and lIo1opainen (l98/~) or our 
fourth chapter deallng wlth this subJE'ct 
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the maximum number of persistent events is ta be found. This latter is 

rather at (36
o

W, 52
o
N). The composites respectively represent 92 and 94 

pentads. 

Notice that bath composites <hffer from Dole' s This can be seen 

in that we now have a series of relatively weak centres of alternating 

sign, weakening with distance from the prim.? _1 c· ntres Even more in-

teresting is the fact that the path of :'Ï1ese secondary centres lies 

along the total circulation dnd not acr0~S it, as seems to be the case 

in Dole' s work. There st111 1S an E'1I\ wave-tra1n downstream of the 

anoma1y, but it is now greatly reduce'L The t,,,,o observat1on composites 

still remain close m1rrOr 1mages ~lth r2spect ta one another, thus con-

trasting the model compos1tes Anotrcr p01nt ta notice lS that we only 

find very \"eak secondary d1poles over the Pac1fic 1'1 the observat1on 

composites. Th1S feature was very prom1nent ln the slmulation This is 

surprislng sinee, according to Tre1dl et al. (1981), double Pac1fic/At

lantic winter b10cking events are frequent enough and we would have 

expected them ta somehow show up ln our composites Finally, apart from 

the previous d1screpancies, the qualitat1ve agreement 1S now good be

tween our model and observation composites. 

We have also investigated modelled and analysis composites obtained 

from events occurring at Sllghtly dlfferent positions]] to get an idea 

of the stabilitv of the propagatlng-l1ke patterns This is important 

1nasrnuch as we have taken care w1th our locallty crlter10n to conslder 

the possibility for the e'lents ta travel Two general comments can be 

made. Firstly, more than 80% of the model pos1t1ve events 1dent1fied at 

the downstream posltion were dlreadv included in the upstream composlte 

and, seconri1y, the model events fa und dt the former position tend ta 

occur later th an thetr corr'sponding upstream events. Hon~ prec1sely, 

twice as many will either start and/or end later than the reverse situa

tion. The same comments stand when considering the negative composites 

33 Namely, 
tians Note tha .... ·.!hile these positions are close ta the original 
ones, neither of them were included by the 10cal1ty criterion when de
terminlng the first composite sets 
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derived from the observations, The downstream f'vents are thus a subset 

of the upstream events and also tend to occur later, There are occa

sions whcn this la5t comment does not hold, for f'xample when eVf'nts l'et

rogress before disappear1ng However, tins slmply ùoes not seem ta be cl 

general rule, even when pos1t1ve events .1re cons1dered It lIlay he that 

the dissipating and poss1bly retrogressing event5 no longer sdtbfy tlll' 

amplitude criterion 

Let us now turn our attentIon to the Ilew model compO.,it0s, corre

sponding ta respectlvely 53 and 69 pentads, Figs 13.1 dnd 13b, <lnd start 

w1th the p051tive case Bv choos1ng th1S .,l'cond posit1on, W0 1l0W ::,elect 

model positive .mornalie5 for ',vh1Ch the centre ut the hlockillg-11ke 

dipole occurs closer to the eXlt 1'eg1on (lf tlw ~iorth-AtL1l1tic JC't The 

ùownstream equatorward structures weaken very c,lightlv, wlll1e the 

poleward structures strengthen, a new centre near Korea be1ng added to 

the chain The negative centre south of the ma1n pos1tive one ln 

Fig Ua 1S also considerably more 1mportant TUrInng to the negativl' 

compos1te, 

a5 before 

the Greenland and NSU secondary centres are Ilot cl!> unportant 

The Pac1f1e It5elf i5 not (lc, dctlV(' T11P {'quéltorward wave-

like str1ng of extrema 15 stlll very much presellt The negatlve model 

compos1te, Flg 13b, IS agaln differellt ft'om the Îlr5t Otl(> Wl' ':odW The 

Greenland and especia1ly the NSU seconddry e:-..trerna dre Ilot d!> unportant 

The same is apparently true for the Pacdlc dlpole, .:1!> if double events 

are not as frequently assoc13tcd '.nth th('sC' iurttwr downstream cases 

This negat1ve compOSIte no longer rp!>('mble', .1 Ilorth(·rlv 'l('r!>lOI1 ot the 

positive, as ln the f1rst set of compo<,ltp,c, ;;plther IS tht· global 

aspect as prevalent and the only re>all~1 globall'! organlc,ed tpdture re

talned from the prevlous .set ot mode 1 composl tes 1.'> the LMA ''';dV0 - llke 

pattern, ~tl1l very much present 

The second set of observatlon composites, from re5pectlve1y 86 ,lIld 

121 pentads, lS presented ln Fig!> 1(.<1 dnd lI!lJ, 111 the <.<1l11e order d5 he

fore These are even more dlfferent than the i lr',t .set trom thf~ Dole 

composltes The features added wlth n:,.sppct ta the ldtter .Ire> of the 

same type as ln our flrst composlte set, but st:roll~er, !lamelv 'Jl'rv clear 

poleward or rather, ~;orthern EuraSla wave-11ke rattt'rns III both COll1pOS-
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ites. The patterns in faet ressemble the weil established Eurasian 

te1eeonneetions 34 The EMA wave-1ike pattern is elther very weak, as in 

the positive case, or missing entirely, as in the negative case. 

Notice that a palr of extrema are present over the Eastern-Pacif

ie/North Ameriean Roekies reglon of the NMC positive composite, the neg

ative extremum being stronger than the positlve. This eou1d be re1ated 

with Dole's (1987) comment on the fact that the Pacifie negatlve anoma

lies are often related to lncreased nclglng over the North American 

west-coast Th]s excrema palr would then be the slgnature left in the 

Pacifie of certaln double blocklng eveHts As we commented earller, a 

much weaker but slmi1arly posltioned extrema pair can be al 50 seen in 

our first NMC posltive compoSlte, Fig. 12a. \Je find this type of left

over circulation only ln the model negative mid-Atlantic composltes. 

Figs Ub and Ub But thesc resldue of Eastern-Paclfic events dlffer 

markedly ln the NMC observations and in the model, as do lndeed the cor-

responding total flow themselves Instead of the slngle oceanic nega-

tive extremum, the model presents us with a significant dipo1e structure 

with an added anomalous rldge over Alaska 

There are C'ertainly a few points worthy of notice as we eonc1ude 

this sub-section lt has been shown that the model and atmosphere have 

the same qualitative behavior wlth respect to their mean NHW Atlantic 

events. ~ore precisely, as the event centre posltion shifts ln relatlon 

to the underlylng mean flow. the downstream response to t:he event a1so 

shifts. In every case, thlS response resemb1es a set of wave -llke and 

sign alternating e"..trema whose amplitude decreases with distance from 

the main centre The path of thls downstream wave -like response 5eems 

to be that of a great ctrcle lnltially tangent ta the mean flow One 

difference between slmulatlon and atmosphere 15 ln the strength of these 

downstream patterns the atmosphere's are generally stronger 

There lS always a secondary extremum of Opposlte sign dssoclated 

wlth the prlmary pattern but its lmportance depends on the event's posi-

34As an example, compare with the EU2 November te1econnectlon patterns 
lu Barnston and Llvezey (1987) 

, 



1 

Anomaly distributions 

64 

tion, aga ln in relation to the mean flow A tentative relatlonship be

tween position in space and posltion in the life cycle of the events was 

also established, at least for certain rypes of observation and modelled 

events Finally, the negative mean events tend to dlsplay more global 

patterns than the posltive events, especially ln the model There seems 

to be more than one type of circulation going into the making up of the 

latter composite. The dlfferences between Figs lla and llb lilustrate 

this point very clearly. 

2.4.3 Composites vs individual events 

One could wonder at this pOlnt to what extent the NHW composites 

discussed in the preVlOUS pages reflect the reality of the lndividual 

events that make them up. A visual inspection of the tlme me ans of each 

of the sllllulated and observed individual events (not shown) occurring at 

our NH Atlantic secondary positions was performed to establish this. 

The positive cases are considered first. 

What we find is that, practlcally all of the major patterns found 

in both observed and simulated data sets seem to satisfy the 

aforemencioned Rex criterion, that is to say, they are North-Atlantic 

blocks The downstream chains of slgn- al ternating and ampli tude -de

creasing anomalies is also d generic feature to the class of posltive 

events At the same time however, the si tuat10n that holds ln the ob

served Pacifie reglon is not qUlte as clear The negative extrema found 

there could indeed be the left-over slgnal from double-block events. 

But then, the correspondlng positive extremum can be found at either 

northerly or north-easterly pOSitlons and these two possibihties seem 

to cancel eaeh other out. The resulting composite is smaller than ei-

ther But this 1S a rather minor point and to a large extent, the POS1-

tive composites would indeed represent most of the significant aspects 

of its individual events 

Conslder now the indivldual ner:;atlve ::IlW Atlantic caSE-S ;1odel and 

analyses are not as similar as ln the positive events Aeéll11, a large 

number of events consist of NHW blacks. The perslstent and large-ampli-



Anomaly distributions 

65 

tude negative centres we identify are then either the southerly cell of 

a dipole structure, as is mainly the case in the model, or the upstream 

cyclone of a northern Europe blocidng episode 1 as in the analyses. The 

reverse situations also eXlst Thdt i5, there are a few observed nega-

tives corrC'spondlng ta Greenland blocking and still fewer model 

tives corr2sponding ta European blocks. The large number of 

nega

model 

dipole events with relatlvely northerly posltlons is consistent with 

sorne of the other dlscrepancies already noted between both data sets 

The Greenland medium- and low-frequency activitles and the northerly ex

tensions of the geographical d1stribut1ons of positlve events are 

arnongst these \,'e have already pOlnted out the importdnce of the NSU 

centre ln the modE'l composIte This turns out to be a large downstream 

extremum verv often assoclated w1th the Greenland blocks The EMA pat

tern Identlfled ln the negatlve model composite lS Itself agaln associ

ated w1th these Greenland blacks. As for the observations' NSU centre, 

it seems to be assoclated wlth European blacks, as a downstream negatlve 

centre. A connectlon between mld-Atlannc and ~SU negati ve anomalies 

also holds for the observatlons 

On the other hand, not aIl negative events can be included ln these 

blocking situatlons A signlficant number ln bath data sets slmply cor

respond to pers istently enhanced :::onal clrculatlons, very high ::onal 

index Sl tuatlons over a large part of ,-he North-Atlantic and Europe 

There does not seem to be any partlcular global pattern consistent v oc-

curring in conJunction wlth these zonal events Thus, the contntutions 

of these partlcular subsets ta the observed and modelled negatlve com

posites is to enhance the maln negative centres 

Iole have to conclude that both the observed and modelled negatlve 

composltes are somewhat misleading in that each of them include severai, 

qui te different types of events Retr1eving il single explanation for 

the ensemble's eXIstence 15 probablv unpossible and the attempt could 

only lead to confus1on ri sub-classlf1cation lS certalnly required 

Still, essentlallv dll of the features found ln these composites · .... ·ere 

traced to reai features ln certain of the individuai events, sa that 

these constructs are not altogether useless. 
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2.4.4 Other model composites 

We end this chapter with a quick review of sorne of the other inter-

esting model composites. The discuss ions wi 11 be shorter than fCl the 

NHW Atlantic cases as much of what was found there applies here as weIl 

An example of this 1s the sensitivity of the composite patterns to the 

position of the anomalv in relation to the corresponding total circula-

tion. It was lndeed verified that the model composites of NI!W Pacific 

anomalies may change signlficantly wlth relatively sma11 changes in the 

anomaly centre position Another recurrent feature is the preferred 

patterns found ln the composltes Again, wave-llke structures are very 

often found downstream of the prlncipal extrema The NHW model compos-

ites for posltlve and negatlve Paclfic events havlng <1 centre position 
o 0 

at (162 W, 35 N) are presented in Figs 15a and 15b, corresponding to, 

respectively, 15 cases covering 49 pentads and 13 cases covering 43 pen-

tads A second position ten degrees closer to the dateline was also 

used (not shown but discussed) to determlne the robustness of the com-

pos l tes With this very slight geographical shift, the changes found in 

the features making-up the composites were more quantitative than quali

tative, but they were still noteworthy, 

Let us first consider the negatlve composite ln Fig, l5b, The most 

striking features are the two dipole structures found ovpr the oceans 

And indeed, the corresponding total clrculation dapicts a situallon con

sistent with a model North American west-coast block that would be fre-

quently accompanled by a second block over the Atlantic Thh is (not 

too surpris lngly) the converse of what we found for the mode 1 nega t ive 

Atlantic composites, A weak wave-like structure is also seen downstream 

of the main negative extremum When we consjder the composites of nega-

tive anomalies ' .... ith centres at the secondary Pacific posiUon (not 

shown), the t'.vo AtLmtlC extrema <15 '..:e 11 dS the one ovel' ALlska are 

weaker, the weak downstream wave-I1ke string of anomalies remdlns nearly 

ldentlcal and the Korean relative 8':trernum 1S stronger ,:md better 1den-

tified 
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The positive NHW Pacifie events, Fig. 15a, are disrussed next. The 

main feature is the somewhat PNA-like pattern th- lS made of the prima

ry positive extremum, the negative Rockies and positive North American 

eastern seaboard extrema, all very clearly present in thls case. Other 

weaker wave-like features are also present either following lines eman-
o 

ating from the main posltive centre towards Eurasli1 or along 30 Nover 

the same land mass. We agai n have a secondary extremum over or near Ko

rea, as in the previous negatlve composltes But now, no ObV10US Clrcu

latlon type domlnates over the Atlantlc basin When we investig,ate the 

other Pacifie positive composite (agaln not shawn), it displays an even 

more clearly defined PNA pattern ThlS is as if these positlve PNA-like 

anomalies, viewed as the model' s response to an unspecifled forclng, 

were somehow enhanced as thelr centre approaches the positlon chosen by 

Wallace and Gutzler (1981) ln thelr teleconnection study The mode 1 be-

haves a lot llke the atmosphere ln this respect At the same time, it 

should be stressed that the sea-surface conditions experienced by this 

vers ion of the CCC GCM are speclf Led and are those deri ved from cllma-

tology. As such, these simulated PNA patterns are definltive1y not a 

response to an anomalous (external) forcing Note that this (internaI) 

Vlew is supported by Frederiksen (1989) in a case study of an observed 

Paclfic blocking event 

The last types of events we consider in our study of composite 

anomalies are the posltlve and negatlve SHS streamfunctlon anomalies 

downstream of New Zealand, Figs 16a and 16b, corresponding respectlvely 

ta high and low zonal index flows over the region. The nl1rnber of cases, 

respeetively six and 13, and the total nurnber of pentads, 20 ar.d 49, 

that are used in these composltes are more limited than what was used in 

the NH 50 that care should be taken not ta stress tao much the signifi

canee of the results. dnd thls especially for the posltive composite. 

This SH anomalv centre lS aga in lmrnediately downstrearn of a major 

centre of high - frequency tranSlent activi ty, as were the two other sets 

of NHW compos 1 tes in the Atlantlc and Paclfic oceans. The negative. 

antl-cyclonlc composite, Fig 16b, displays a single very clear wave

like pattern that starts with the main extremum and extenùs eastward and 
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equatorward. Nothing of a more global nature is present, so that this 

pattern could tentatively be labelled as a re latively pure example of a 

"local" anomaly. 

This is not: at all the case for the positive composite, Fig. 16a, 

whose overall features are much more hemispheric. The first thing to 

notice is the qUI te important zonally symmetric pattern of negative 

anomaly values ln the Aretlc and pOSitIve values dt mId-latitudes This 

i5 very similar to the dominant mode of monthly variation ln the SH high 

latitudes as reported by Szeredi and Karoly (1987) In addition, this 

composite ean be seen to display strong zonal wavenumber four, as weIL 

as wavenumbers one and two, anomaly components Finally, there are no 

equatorward wave-like patterns to be found in this mean of positive 

anomaly events 

Either by accIdent or because these SHS events are "purer", perhaps 

due to the simpler SH orography, the two composites we have briefly in

vestigated for events occurring there clearly di.~play the two main types 

of mean anomaly st:ructure. In retrospect, it would indeed seem that the 

features found ln the composites we have displayed often take on either 

a global or local nature. The local type of events, another example of 

whieh are the NHW (anti-cyclonic) posItive events, <ire millnly character

ized by downstream wave - trains qulte remlnlscent of barotropic energy 

propagation as presented by Hoskins dnd Karoly (1981) At this stage, 

nothing can be said as to whether these wave-l ike structures are stand

ing, propagatlng or even significant features. They are surely recur

rent. On the other hand, the global or ra ther hemlspher ie type of 

event5 remind us of the resonant planetary wave-number flrnplification 

mechanisms such as proposed by Tung and Lindzen (1979a) and others 

(Chapter 1). 
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2.5 Conclusion 

Madel and NMC analyses have simil ar anomaly distributions in time 

and space even though the model tranSlent activity is markedly weaker 

th an in the NMC data seë :1odel positive and negative anomalies. at 

least in the Northern Hemisphere '",inter, .seem to be of quite different 

types (local vs global, respectively), again ln agreement with what Dole 

(1982) concludes from hlS NMC anal_yses. There are sorne interesting and 

consistent differcnces in the sltuatlons pertaining to the two sets of 

events One of these i5 the greater number of more northerly events ln 

che model and the fact that there exists an accompanying extension of 

che high-frequency model tranSlent dCtlVlty ln those regions The NMC 

analyses do nn~ dlsplay this type of transient northerlv extenslon 

There lS also a real nèed for d better classlfication of events 

chan that of the simple scheme used up to now Indeed, we saw that cer

tdln composites may be made up of several quite dlfferent kinds of 

events And furthermore, it is not clear whether considering the resul

ting composites in any quest for physlcal explanations to persistent 

anomalies lS at a11 mpanlngful This problem of separation of types 

will be dddressed ln the next chapter 
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We have seen in the last chapter that the preferred modes of varia

tions to be found in both model and atmosphere turn out to be more com

plex th an what can be determined from dlrect averages or other slightly 

more involved composlting techniques iJe discussed how, for instance, 

both the mode1 and atmospherlc mean negdtlve mid-At1antlc anomalies are 

made of severa1 types of quite different synoptic events The fact that 

thls lS true cou1d also have been lnferred by considering the apparent 

confUSlon found in the means themsel'.'es. as E'élch of the different event 

types contribute to the overall mean, either cancelling and/or emphasiz

ing one another. 

Once this has been realized, the use of standard composites when 

attempting to determine the under1ying physics associated with these 

persistent events is to be hlgh1y diseouraged. There are fortunately 

several other and, at the samE' tlme, better means to ldentlfy the basic 

features assoelated with persistent ~vonrs Several relatlvely simple 

statlstlcal methods have been proposed ln the last few years rhat at-

tempt to extract sallent lnformatlon from compllcated data sets :1e te-

orologists and cllmdtologlsts have thus started to use one or dnother of 

these, dependlng on the hypothesis underlying their work dnd/or their 

specifle kind of data Examples of these methods range from the PrInCI

pal Interactlon Patterns (1 e PIPs) ol llasselmann (1987), to Canol11cal 

Correlatlons, as presented bv ~licho 11 s (1987), 

Phase/Coherence pactcrns of LiU dnd :Jél Lh 1 1')87) . 

to the study of the 

to flTlcdlv l'o(atcd Elll-

plClcal Orthogonal FUT1ctlons Cl l' REOFs), dS used by llorel (1981, 1Y84) 

and Barnstom and Llvezey (1987), ,llnongst ot!wn, 

3.1.1 Methodo1ogy. Overview 

The main tools retained in the present ehapLer <ire the oblique-rèal 

and oblique-eomplex versions of the REOF lfIothod \Je ",111 onlv e:-:pound 
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here what turns out ta be the most relevant set of properties of an REOF 

analysis A more complete diSCUSSion of these properties and of certain 

other lmportant aspects of the mathematlcs lnvolved can be fa und in Ap

pendix A35 As neLther the time nor the space components of the analy-

SlS results are constrdlned to he ortho~ollal, .11ld Slnce we ehoose ta let 

the latter geographical patterns carry the o.:lta' s specific Varl.:lnCe in

formation, these should more properly he called prlmarv p3tterns, but we 

will henceforth refer to them as REOFs 

Our approach is dlfferent from that of the last few authors men

tloned (e g Horel or Barnstom and Livezey) Indeed, it seems that since 

Horel has presented his procedure Lo the ll1eteorologlcal community ln his 

1981 paper, most of the relatl\'el': fe',,, cbmate dIagnOStics pdpers that 

deai wlth REOFs hdve iolloweo hun III uSlnt', the \'1\RI~L-\..\ orthogondl rota-

tion. The ather referenced p.Jper on the subJ ect, bv Barnstom and 

Livezey, also makes use of tins specifie algoritr.m. '"nat is lmplied UV 

this cholce is dlscussed in Appendlx A 

The most strlkLng aspect of REOJ.'s and what makes them sa useful is 

theL. stability. Let us explore what thlS means in the present context 

Glven that there Lxist d relatlvelv smaLl number ot distlnct states (or 

modes) that account for most of the tlmeWlse or spacewise varIance found 

ln a data set contalnlng manv independent realizations of these states, 

the REOFs wlll tend to reflect these Indlvidual states In clddl tlon to 

thls, halvlng the tlme serles or the spatlal domaln does not necessdrIly 

destroy or even change the REDFs beyond recognltlon. On the other hand, 

a cat'eful selection of the times and <ltea \"here a certain state lS more 

important will certalnlv 11lghllght this state in terms of a specifie 

REOF, or dt most, cl smdll set of thern 36 Obviously, a mode has ta be 

present in bath of the chosen spatlal cllld tlme frames in arder that the 

analysis can plck it ur, :"0 one should still seek to have the largest 

amount of data posslble 

35A basic desc:'lptlon of the real and complex EOF models is glven, as 
weIl as cl dlscussion on EOF selection rules We end with a definition 
of certaln relevant EDf rotatlons Jnd thelr properties. 

36The latter depends on the nature of both the specifie mode and the 
rotation See Appendix A for more detalls. 
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A last comment should be made on this spatial domain requirement. 

The rotation algorithms we have used aIL work under the hypothesis that 

the physical modes contained ln the data can be isolated elther in tlme 

or in space The choice lS left ta the user ~e have chosen ta trv to 

lsolate them in space One consequence of this cholce is that a hypo-

thetical global signal may or may not be plcked up by this type of anal-

ysis, depending on Hs relatlve lmportance In any event, the domaln 

has to be at the least large enough to contain a signlficant part of the 

spatial signature of the modes we expect ta identify, but not necessari

ly any larger. 

3.1.2 First ana1ysis step 

Perhaps surprlslngly, lt seems that the most sensltive parameter ln 

the analysis is the actual number of EOFs to retain before rotation 

This number has to be determined in a more or less subjecclve fashion, 

depending on the underlying data set. Thus, it should he llltllltlvely 

clear that more complex data sets wlll require a larger number of modes 

th an simpler ones ta adequately descrlbe them This turns out ta be 

true in a REOF analy5ls On~ shoultl note that the reverse problem also 

stands. Indeed, care has ta be taken to choose a value that i5 not tao 

large, even slightly so At the pOlnt thls starts ta happen, the rota-

tion algorithm wlll tend ta break up sorne of the patterns lnto their 

sub-patterns. The method chosen ta determlne this measure of complexity 

is twofold. 

In a first step, the EOFs are ordered ln terms of the perslstence 

characteristics of then respective pnncipal componcnts (pes) We use 

a statistical selectlon rule geé.red for perslstpnce 37 , as opposed to 

randomness. As our lnterest lies wLth perslstent lypes of events, only 

the mast perslstent (EOF, PC) palrs are now kept :Jorth ct dl (1982) 

comment on the problem of discrllTIlnatlng between EOFs associ<1ted wlth 

close eigenvalues They pOlnt out that such groups of EOFs cannat be 

J7 See Appendix A 



1 

J 

Variance analysis 

73 

considered independently as the information they conta in is randomly 

spread throughout the group members To account for thlS, we reject all 

EOFs from groups ln which any member EaU s the statlstical selection 

rule. 

3.1.3 Second analysis step 

In a second step, the rotation lS dttempted with several different 

nurnbers of retalned EOFs, e g the first five, ten or fifteen compo-

nents. At thlS stage, a new set of composltes is lnvoked to help us 

For each REOF pattern, we choose the tlme intervals at WhlCh the data 

pro)ect ln a persi stent and strong fclSlllon on thls compOllent dnd avprage 

these tlme intcrvals together 

and negatlve phase of the modes 

Tlus 1.;, donc !"('paratelv tor the posltlve 

lh~s. pOSltl~~ und negatlve composltes 

are obtained for è3ch REOF pattet'n .\ number ot retained components 

that is too small wlll yield a composite set for which the members can-

not all be interpreted in terms of slmple synopt1c events In other 

words, there would not seem to be a simple link between the REOFs and 

their underlYlng cornposi tes The key words here are lI1lerDreced élnd 

slInple This 15 vhere we have ta t'efer ta the data set and out' know-

ledge of what Ccln be tound in It In thls study, thls means examlnatlon 

of indivldual events. occurrlng at different positlons or times of year 

As a simple example. the relation bet'leen a composite and its REOF could 

be as direct as one reflecting the o~her wlthin an amplitude factor 

Choosing a number of retained components that is tao large can re-

suit in two problems Several REOFs can be identified to the same com-

posite and/or we can pnd up wlth patterns that do not relate ta thelr 

composites at a1l 38 The first problem 1S Inherent to the d1fferent ro

tation dlgorlthms. ,15 they dll dttempt to IsoLlte (1 e. breakup ln time 

or ln space) the information contalned ln the EOF model of the origlnal 

data "et ThlS ct!calculation of the REOFs (wlth different numbers of 

EOFs) lS then reflned untll an optlmum value lS determined for which the 

two problems cIo not ,ln se As we will shortly see, this number does not 

38This often happens with REOFs tlLJt e'\p1îin too little of the total 
variance Thev may be persistent but do Ilot "eem ta be lmportant 

.,,,,,,. 
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have to be the same in our simulated data and in the corresponding ob

servations 

The end result is d set of patterns that are not orthogonal, l e 

that are obllque, ln the rotated dimens lon (space or time, whereas the 

EOFs are orthogonal ln both) and that mav not be qUlte orthogonal in the 

other. The approach retained here IS to rotate the spatial components, 

giving patterns that have a nearly orthogonal (or independent) timewise 

behavlor and for WhlCh the spdtèal patterns are no longer constrained to 

be orthogonal These latter patterns wlll tend to be spatlally Isolat-

~d, or at least of a more reglonal nature chan the orlglnal EOFs 

that this IS not necessarily the case for the tlme components 

3.1 4 Real and complex analyses 

Note 

!Je conclude thls sectlon with .ln explanatory comment on the real 

and complex verSlons of the analysls In the present context, the pri

mary version lS the real one The complex calculatlons are used only as 

d check for the rral calc~latlo~ lhe ruaI REOF analysls Cdn onlv cor-

rectly identlfy statlonarv pdtterns Travelling patterns w11l always be 

broken up Into two or more patterns ,:lI1d the relatlonslup bf:'tween these 

aliased patterns need not be dt all ObVIOUS Tlus lS not the case ln 

the complex verSlon of the analysis (1 e CREOF) ln WhlCh the '-eal and 

imaglnary part of the CREOF provlde for the quadrature informatlon need

ed ta descrlbe travelllng patterns. 

I-Iowever, the cost clSSOclateJ \oJlth the CREOF ,lllalvsls '5 Ilot ,lt ,:Jll 

negllglble The complex ar.alysls method is not as stralghrforward as 

the real one, having to rely on a paIr ot dlgltal fllters ln the produc

tion of the complex data sets, the Imdg i ndry parts of winch dre Hllbert 

transforms of the real parts /,n unclesired aspect of thlS filterlng 

step lS tllat lt removes, c,trictly clS cl ',Hie l'ifect, the very lowesL fre

quencies As dn example, the verSlon we used of these tilters start to 

remove Informatlon at perlods longer tl1d!1 lf) dolVC, (lll the Cd!:>t.' ut lIlodel 

data) This may or may not be dcceptable, buL lt cert.11111y lw~ ln be 

kept in m~nd Furthermore, lhe computllli~ requlrementc, involvpJ in this 
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complex calculation dre at least twice as big as in the real version 

and, since the phase between the rea1 and imaginary parts of a complex 

REOF is arbitrary, the resultlng patterns are not as clearly defined 

Finally, bath me thods gl 'le nearlv ldentlcal results when the modes are 

stationary Thus, lt has been found sufflclent ta verify ln a tew rele

vant cases that the most lmportant modes produced by the CEOF analvsls 

are indeed statlonary Therefore, unless lt lS otherwise mentioned, we 

always conslder the results of the real analysis It lS to be under

stood that the modes we present are at worst onl} quasl-stationary 
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3.2 Covariance matrix and data selection 

As in the preceding chapter, we consider the data as sets of con

secutive pentads (flVe-day averages) of the data when circulation anoma-

lies ùre present The covarlance matrix for which the Eors are 

eigenfunctlons are then constructed fLom the slowly varying model and 

atmospheric components iJe have alreadv cornrnented on the fact that the 

pnncipal modes we conslder amoIlg ,111 those Eunctlons are not travel-

ling, but rather, statlonarv TIns lS not ro say that there are no such 

atmospherlc travelllng modes as can be iound by another CEOF analysis 

It is only thdt the nature nt the phenomena ln ~hlch we are interested 

and the several steps we fee_ are l"C>qulrC'd for thls study hdve aIl but 

èllmlnated them 

Several authors have done REOF andlyses on such data sets as NMC 

heights 39 A maJor design difference between their work dnd ours lies 

in their simpler selectlon rule for the EOFs themselves Thev 0111 use a 

rule of the domInant varIance type, whereas we use a tlme historv selec

tlon rule40 :~ote that this tvpe of rule assumes unpl iCltl\' that the 

different samples are statlstlcally lndppendent, and this 15 why, in an 

attempt to satlsfy thlS hypothesls, ve conslder pentadlc data As well, 

because of our particular cholce of selectlon rule, we do Ilot at the on

set require our slgnal to be confined ta the very strongest EOF modes 

The other type of selectlon rule "SS\lIneS th3t this SIgnal has lI) dOlllI-

nate the whole varIance lnformatlon l'his cholce of design has .... nabled 

us ta identify and remove several componcnts th<1t, lf kept, would have 

serious 1 Y compromlsed our resul t s As cl consequence, we l~ventually 

reJect more of the total varlance than lf we had used a domlnant varI

ance rule. 

It was also f~und during the tastlng phase of our work that sorne of 

the largest modes th~t WB were reJectlng displayed certaln of the char-

dcterlstics assoclated with travelling tCdturcs 

39 For l examp e, 
Kushmr (1987) 

40 See Appendix A 

see Hsu and 
Wl th CEOFs. 

\~a ll<1cC ( l YB 5) on 
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prising as the persistence test Ive apply is of a local nature and any 

travelling wave will thereby be penalized to the extent that it removes 

itself more or less rap~dly from the test~ng doma~n. 

3.2.1 Time selection 

Calculations have been do ne either re.stricted to w~nter circula-

t~ons or wlth the '..Jhole data set:s and, s~nce the data sets are them-

selves oesedsonali:::ed, the results of the two calculat~ons agree to a 

large extent ThIS not too surpr~<,~ng as the wlnter season i5 itself 

the most often sampled season In dny event, the full year calculations 

have he en reta~ned as the v do not ~mply an drtificial seasonal cutoff 

and they maxlmize the number of persistent events We have commented in 

a previous sect~on on the effect of data select~ons ThIS 1S relevant 

in the present context in the follawing way If we reta~n moments in 

time at wh~ch no slgnlflcant persIstent event ~s tak~ng place, has taken 

place or IS about to take place, the SIgnal corresponding to those 

events that we know OCClir will be partly masked by other types of 

events On the ather hand, cl too c.:lretul selectIon lI1av onlv 11lghlight a 

single type of event at the expense of dll others. We have thus chosen 

a loose time selection hased on the event Ident~ficdt~on ruie presented 

~n section three of the preceding chapter. But this criterion is ap-

plied now over the whole year instead of a part~cular season as it was 

done bcfore. 

In Chapter 2, we presented the spatial distributions of anomalies 

satisfying a fixed dmp]~tude/duratlon crlterion. If we consider instead 

the two dimen5ional anomaly distrIbutIons at a fixed poslt~on (e.g. the 

mid-Atlantic), obtained by varying bath of the criterion thresholds (not 

shown), we flnd a dlstlnct I"elatlve m~n~ll111m at around the n~ne-day dura-

tion level, for cl wlde range of amplitudes Both of the model and at-

mospheric verSIons oi these distrlbut~ons display iJ slngle rather homo

geneolls pattern for dLtrdtlons shortcr than nine days, but U1 the samr 

respective amplitude ranges. These shortcr durat~on events clearly he-

long to the cldss of synopt~c events Ive spec~fically Ivant to elilo1nate 
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in the present context. Thus, events are constrained by definition to 

last at least nine days. This mInimum duration criterion is the same as 

that used in Chapter 2 

Anomalous perSIstent events can be found at any vertical level but 

we have verified that the (analysed or simulated) events have an equiva-

lent-barotropic three-dimensional structure Indeed, applying appropri-

ately scaled verSIons of the dnomalv criterion at elther 85 kPa, 50 kPa 

or 20 kPa, we wIll essentlally extract the same time segments out of the 

full time serIes The tlme-mean events found at these different pres-

sure levels displav equivalent-barotropic relationships between each 

other. This is one of the known characteristics of persistent events 

and should not surprIse anyone. 

The horizontal structure of the events can then be weIl defined us-

lng a single pressure level. Again for the sake of comparison with 

other studles and unless specified otherwise, the 50 kPa data set is re-

tained We thus consider the time covarIance matrix of the anomalous 

50 kPa streamfunctions. 

3.2.2 Space selection 

We have shawn that the AtlantIC basin was one of the most, if not 

the most, actIve reglon in terms of perSIstent events dnd this in bath 

modol and atmosphere Ue have also discussed at length the relatl.vely 

LOW amplitudes attained by the model perSIstent events with respect ta 

the observed ones Assuming that the physlcal mechanlsms underlYlng the 

events are the same in bath model and atmosphere, dnd that the reduced 

level of tranSlent dctivity found in the former has lts root elsewhere, 

it makes statisticai sense ta use different amplItude thresholds for the 

ccc and NMC data sets. Using streamfunction amplitudes of respectlvely 

dnd 
2 _ 1 

ln S the l'clatlve frequcncy of dave; whcn 

perSIstent streamfunctlon dnomallC's take place 1':. thcn nparly the Sdme 

ln bath types ot data ~,o that lhR <,tallstlc.:ll Ivelghts GIV('[l to lhc 

events are then quitc ':.Imilar 



Variance analys~s 

ï9 

Cons~dering the dbove, we retain roughly 36% and 43% of aIl observ

ation and modeling data, respectively This means that roughly 40% of 

all pentads conta ln anomal1es that are ln their onset stage, ln thelr 

mature stage or ln the1r demlse stage Th1S value IS rdther large and 

it highlights the fact that persistent event~, as we define them, do not 

seem so rare If, lnstead of only looklng for Atlantic events, we had 

considered events occurrlng at clnv of th€! three primary anomaly POS1-

tions as identified ln Chapter 2, this percent.1ge would have heen even 

larger As it 1s, lt comp,nes favorably with the number of block~ng 

days obta~ned by TrPldl et 31 (1981) by completely different methods 

But ttas proportIon, obtained from yearly data, IS two- ta three-times 

blgger than the 16% Dole (1986) flnds as the total of a11 positIve and 

negat1ve avents, uSlng his (ten-day, 100 gpm) criter10n on the NMC NH 

w1nter data alone Admittcdlv, Dole does not conslder the onset and de

mise stages of the events, but lus 3mplitude threshold lS a150 not dS 

select~ve as the one \,sed here for our own NMC data set This relative-

ly low hit percentage for the Dole anomaly cr~terion lS quite surpris

ing, considering the slight modification by which our criterion was ob

tained from his It 1S also 1nterestlng ta note that Dole's anomaly per

centage rises to 36%, a value equivalent to ours, when he cons~ders low

pass filtered data (w~th a cutoff at around the ten-day periods). This 

is in fact the data he uses ln his own EOF study. 

3.2.3 Normality 

We have already mentioned that a cornposlting technique is used in 

the process of dctermlning uhat REOF set 1S rnost significant with re

spect ta the total cIrculatIon. The times used in a particular composite 

are those when the anomalous cIrculation proJects strongly onto the cor

responding REOF Ille ror.-3ct!d prlnclpal components (RPCs) assoclated \Vith 

REOFs have zpro mean "nd unIt ':3riance Tbev contain the tirnewise nor

malized importance of the REOF ~t Jnv particular moment The projection 

threshold vdlue rhat 1S used, 1 ~8, corresponds ta the 90% probability 

of the Gausslan N(O,l) distrIbutIon. 

wnether or not the RPCs are normallv distributed (I e. ,.,hether ,he 
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preceding threshold extracts roughly lü'/; of the data) lS indeed quite 

debatable A quick test for normality applied to bath simulatlon and 
) 

atmospheric data, uSlng the Cramer-Von Hises fv'- statistic (Stephens, 

1974), only estab1lshes th3t the flrst RPC 15 almost certainl)' (at the 

99% level) non-normal and the others probab1y not either (at lower sig-

nlficance levels) 

above is still u~ed 

Be that as 1 t may, the threshold value ment Loned 

In order for a pentad ta go into the msking of an 

REOF composlte, its RPC has ta exceed thls value for dt least two con-

secutive pentads This ensures that the prOjections that go lnto the 

composltes are as perslstent as the events themselves 

Even though the RPCs may not be nonnaJ 1y distrlbuted, we cannot 

reasonably hope to extract more than 10% of the data with this selection 

method of computing the composltes The fact that we use the whole year 

lnstead of restrlcting ourselves ta on1y winter condltions permlts us ta 

be as restrictive and still obtaln stable composlte fields For exam-

ple, using the l 28 amplitude threshold, each model composlt.e lS typi-

cally made of 30 to 40 pentads This me ans that from 150 ta 200 days 80 

into each model composi te, l e about 6% of a 11 anomalous cases The 

particular threshold is unimportant in itself as is the actual imposed 

duration. wnat lS important here is that we correctly and unambiguously 

identify the circulatlon pdtterns associated to l~he REOFs In that 

sense, the n mber of Cd~es that go lnto 'oach composl to hdS ta be ldrge 

enough to elimlnate small lnter-case varIations but not 50 IJrge as to 

include cases that have Iittle relevance to the partlculdr REOFs 

The time-hlstory EOF selection rule dlscussed parlier generally 

tries to eliminate components having a behavior in some way similar to 

that of a white noise process A few test were actually run in which 

this white nOlse reqU1rement was repldced by red nOise The resul ts 

(not shawn) agree w1.th those of Dole (1986), ln that the Lir~,t few EOFs 

were indeed dlscarded by the moditied selection rule As these same 

EOFs are eventually kept clnd contribut(~ 11l'dvlly to the final REOFs, this 

indlcates that the REOFs themselvps have 1 <,tl'ong l'cd nOlSC "f.LIVOt''' 
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3.3 Madel persistent NH Atlantic modes 

3.3.1 Overview 

We now present the result of the variance ana1ysis on the model 

streamfunction. A few of the basic statlstics associated with the REOF 

patterns, such dS the variance they each explain and sorne of their im

portant correlatlon characterlstlcs, or the number of pe'1tads included 

in their composItes, Can be fa und in Tables 3 Rnd 4 The REOFs are giv-

en names in the first line of Table 3 and the naming convention is based 

on a short-hand of their respective regions of importance The data set 

used in this sectlon consists of the anamaiv pentads of the northern At

lant1c 50 kPa streamfunct10n in which a persistent pos1tIve or negat1ve 

mid-Atlantic event is taking place ~e conslder an are a covering 36% of 

the Hemisphere centred at about (lSo\J, SSoN) where the Siberia/Paclflc 

and near-equator reg10ns are ignored. The number of model EOFs retalned 

before rotation is SlX, the same as in the observations, ta be discussed 

in Section 3 4. Note that, ln an eariier series of caiculations span

ning the whole Hemisphere (not shawn), the corresponding numbers were 

bath found ta be between 10 and 15, the model number being slightly less 

than the one that holds for the observations. The complex version of 

the analysis was only used during this earlier hemispheric series of 

calculatlons 

There lS an additional analysis .step that has not been discussed 

yet. It certainly was not obviùus dt the onset that it would be re

quired, but experience has shawn that it 15, particularly for the model 

data. This step concerns the values of the anomalous surface averages. 

These do not have any dynamical meaning and the v are indeed generally 

set ta zero when \V'e calcul3te global streamfunctions However, whlle 

the average values <.ire stlll mean1ugless \oJhen the dama in lS reduced ta 

ei.::her a full HelOlsphere ()r a relatlvelv large section of one, they are 

then no longer constrained ta be null and thus make contr1butio~s ta the 

anomalous ,'arHlnce ln tIme. Th1S ddded ",ariance happens ta be of the 

same order ln both our data sets. This is not too dramatic ln the ob

servations where i t turns out to be a good deal smaller th an \V'hat the 
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anomalies themselves contribute. 

On the other hand, due to the relative weakness of the model anoma

ly signal ~nd to the EDF analysis metood itself, this surface mean vari

ance, if Lt is not previously removed, completely contaminates the model 

analysis. How does it achieve this? The first part of the answer is 

that the EOF analysis, by its very definition, attempts ta load the 

first eigenfunction with as much signal as it cano This means that the 

surface average variance, being large with respect ta other model sig

nal, is largely included in this eigenfunction along with the variance 

of several other signaIs. If, for example, the seasonal signal \.Jere 

still included in the data at that very moment, ,,,hicb it certainly is 

not, it would indèed replace this surface average component in the first 

EOF, being itself much stronger than any otber indivldual model [eature. 

The very high correlation of the model PC(l) with the time series of 

surface averages, -90%, shows thls clearly. Simo]y removing the first 

EOF is the obvious but unsatisfactory solution sincp we then loose the 

relatively important and physically meaningful part as we] 1 In addi

tian, a few other EOFs are al sa contaminated at the onset, admi ttedly 

to a smaller extent For the sake of cornparison, only lhe twelfth or 

thirteenth observed EDF is affected by this problem. The 1,olution we 

retain is to re~ove these surface averages from both simulated and ob

served data sets, before doing the actual analysis, as is done for ~he 

seasonal cycle. 

The fact that we now consider positive and negative events together 

me ans that the total time-mean pattern that is subtracted befo1'e calcu

lating the covariance matrix is very small C'ompared to any of the 

anomalous events that go into it. As a consequFnce, the varIance pat

terns W~ find will be related to the anomalies themselves rather than to 

deviations from the meao pcsitive or negative anomalies, as would be the 

case if we only retained one or the other. 

Limiting the domain area ta the Atlantic Hemisphere is important in 

the present context of regional rotation algorithms as it relates to one 

of the results of the previous chapter. lndeed, we then commented upon 



Variance ana1ysis 

83 

the more local patterns associated with the persistent anomclies found 

in that area, if on1y with regards ta positive anomalies. On the other 

hand, this domain limitation does not really change any of the main re

sults but, at the ~ame time, a110ws for their more concise presentation 

In fact, the large scale modes that are e1iminated by this reduction de

scribe phenomena that are important over regions other than the North

Atlantic, modes such as the PNA and the WP patterns (Wallace and 

Gutz1er, 1981) 

TABLE 3. 

General information on the model NH Atlantic REOFs 1 ta 6. The 
second row gives the percent agE' of retained variance explained by 
each REDF The third row mentions which EDF contributed ta thE' REOF, 
the main one!:. with a bold-ita1ic type face The fourth row tells us 
which REOFs are connected to each other ln terms of their temporal 
evolution The last two rows contains the number of days retained in 
each phase of the composites 

1 
GRN 

2 
AT:"2 

3 
ATLl 

~ 
EUR 

5 
NSU 

6 
WA 

Variance % 27 3% 18.7% 14.4% 14 2% 13 5% 11 9% 

from EDF # 1,4,6 2,3,5 1,2,6 3,6 4,5 4,5 

Max Correl 3.+31% 5'+15% 1:+31% 5:+17% 4.+17% 5 - 9% 

+ Composite 260 165 110 180 200 180 

- Lomposite 155 155 125 190 175 190 

The short-hand used to name the individua1 modes in Table 3 is 

mainly self-explanatory. It is probably sufficient only to mention that 

ATLI and ATL2 refer to the monopole and dipole mid-Atlantic modes, re

'":Jtlctively, while GRN refers to the Greenland mode. It is interesting 

ta note that each of the first six EOFs make important contributions to 

at least one of the REOFs and that none of them contribute to only one 

REOF. In building this table, EOF(l) is said to contribute ta REOF(J) 

if the T iJ~T(i ,J) component of the rotation matrix is larger th an 25% 

and this contribution is strong when Tij exceeds 80%. 

The goal that underlies the current section on model results and 
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the next one on observations is to present the persistent modes of at

mospheric variations (simulated or otherwise) as given by the REOF anal

ysis and more importantly to sho~ how these modes can help us in under-

standing the evolution of the full system. This will be attempted 

through the descnption of the relationships displayed between these 

REOFs at any stage ln thelr respective 11fe cycle The extent to which 

these life cycles ar~ realistic wlll give us a measure of the usefulness 

and success of the REOF analysls method as a whole. 

Table 4. 

General information on the mode l analys is procedure. The firs t row 
gives us a measure of the time dependance of the REOFs The next two 
rows conta in the surface average of the regional variances before and 
after the EOF selection algorlthm has been applled The last row also 
mentions the number of [Ors retalned for rotatIon and the number of 
EOFs that account for YO% of the total varIance. 

Time CorrelatIon Determinant 0 882 

Total Hemispheric Varlance 4 050 x 1013 

Retained VarIance (6/22) 2.177 x 1013 

3.3.2 Significant correlation 

The values quoted in the tables for the maximum linear correlations 

r, among the different time components of our REOF model, should somehow 

be put into (statistical) perspectlve. How small a value should we con

sider? Indeed, a value that is said ta be slgniflcant will be expected 

to depend on the length N of the time series to which it applies What 

is then needed is an N-dependent correlation threshold to which a cer-

tain statistical significance can be assigned. Essenwanger (1986, 

pp.273, 279) provides us with a few approximate ways of doing this. He 

first states that when two time series (the RPCs in the case of interest 

to us) are normally distrlbuted41 and their regression line is linear, 

the null hypothesis {HO' r=O } can be tested with Student's t parame-

41We have already briefly discussed this aspect and concluded that the 
RPCs are probably non-normally distributed. 
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ter. In fact, under the previous two hypotheses, t and rare related 

through the following relationsh~p' 

t 
r 

r 
(3. 1) . 

Thus, HO is accepted at a certaln signltïcance level a when tr<tl_a 

and the corresponding number of degrees of freedom is N-2. In the pres

ent circurnstances, this nl.lmber of degrees of freedom can be considered 

for all practlcal purposes ta be infinite. A satisfactory first arder 

approximation to (3 1) can be substituted, namely that ra-tJjN, where 

ra is now the ahsolute value of the desired correlation threshold at the 

level of signIflcance a and too is the two-tailed asyrnptotic value of 

tl_a for infinite N 

The second test presented by Essenwanger is based on an application 

of Fisher' s z-transform and does not involve a linear regression line 

hypothesis. It merely requires that the population of correlation coef-

ficients be not tao close ta ±l. This condition i5 quite easily 5atis

fied in our data sets, as thlS value lS then closer ta ±O. It turns out 

that 

z 
r 

lln[ ~) 2 1 - r 
(3.2) 

has a nearly Gaussian distribution wlth specified mean ~r and standard 

error €r' bath being related ta the number of pairs in the correlations 

It is thus possible to test zr for departures from normality. But in 

ract, the correlations we find are small enough and the number of de

grees of freedom large enough that the test derivlng from (3 2) can be 

simplified to verifying whether IIrll~aa€r' where aa is here the prese

lected (two-taUed) Gaussian value at the significance level a and 

€r~l/jN. HO will then be rejected at the a slgnificance level when this 

is the case. It is also noteworthy that under these ~ircumstances, we 

obtain nearly the same answers ln thlS test as we do in the previous 

one. 

The appropriate number of degrees of freedom ta be used in these 

tests has to be at least as large as the number of persistent synoptic 
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events identified by the anomaly criterion, 190 for the model and 110 

Lor the observations, and smaller than le total number of pentads re-

tained for the REOF calculations. l e. respectively 616 and 367 If we 

consider the large scale decorrelation times ln the atmosphere (and in 

the model) ta be of the arder of 10 ta 15 ddyS, values of 300 and 190 

would seem adequate Thus. in the case of model data. HO can be re-

jected with 10%. 5% or 1% chance of mistake if Ilrl! is respective1y 

larger than 9.5%, Il.3% or 15.0% According1y, the minlmum absolute 

value of model correlations we will be considering is 9.5% Anything 

smaller will be deemed insignlficant. The other thresholds will also be 

use fuI They wlll essentlally provide us with a scale wlth whlCh we 

will be able to assign a relative importance to the correlation values 

we find 

3.3.3 Mode correlation 

Most of the maj or patterns mentioned in the preceding table are 

significantly cross-correlated. The only exception is the West-Atlantic 

REOF(6) The highest correlatlon vaIlle lS between the Greenland dipole 

and Atlantic monopole patterns This and other high correlat~ons 

should not be unduly surprising considering the small number of modes 

retained here and the relatively large amount of variance they each ex

plain. Indeed, from Table 4. we note that the first six model REOFs ae

count for 54% of the (surface averaged) tlme variance. 

These high correlations can be explained by the fact that there re

ally is no reason why only one mode can contribute ta the life cycle of 

a normal event at dny one time. What we have identified here are the 

sImple modes, in the sense discussed in Appendix A, Section 5. Any sim

ulated or observed situation will then be made up of one or more of 

these modes As we have done here in the case of a successful rotation, 

each of these simple modes can now be identified as an individual and 

physically meaningful type of situation. 

This discussion may a prIOri give the reader the impression that 

every mode is going to be linked. in some significant fashion or anoth-
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er, to all the others. This is far from true, a fact that can be gath

ered from the value of the determlnant of the a lag correlation matrix, 

0.882. Ta appreclûte the signlficûnce of tl11s nl.lmber, conslder that 

the mean value of thlS statlstlc from J large ensemble of pseudo-random 

input sltuations42 lS fOL,nd ta vary ft'om 0 916 t-o 0 977 dCf.-ending on 

whether we have IndlVldual sample Slzes of 200 or 600 The dsymptotic 

value for the infinlte sampie Slze (or fully independent case) is 1.0 

The other extreme sltuatlon we should consider is one in which at least 

one of the RPCs lS completely expiained by the remaining others This 

gives us a zero correlatIon determlnant value The value of 0 882 is 

thus much closer ta what we would get from dn experiment made up of in

dependent samples than ta the correspondlng value from cl deterministic 

one 

The variance that remains unexplained by al1y of the REOFs corre

sponds ta motions of smaller scales (in time and/or space). As such, 

these motions can be considered, at best, dS corrections upon the prima

ry large scale patterns (sa that they still conta in sorne kind of low

grade physlcal signal), and at worst. dS random perturbations of these 

same larger scale patterns (in which case, we absolutely have to elimi

nate them). Thus, the interpretation of variance of the higher arder 

EOFs in terms of physically meaningful processes may be essentlally im

possible in the present context. In fact, their inclusion in the REOF 

analysis procedure would only serve ta mask the essential nature of th~ 

first six modes 

3.3.4 Transformation scatter diagrams 

In Section 5 of Appel~ix A, we also mention a prerequisite condi-

tian for assuming success in rotating a set of EOFs. lndeed, 

Richman (1986) describes a graphical procedure by which cl given rotation 

T can be evaluated. The full set of 5catter plots of every normalized 

prlmary pacterns (and not the loading factors) with respect ta every 

other is examined and the ex te nt to Which pOInts gather near lhe axes 

42Where the RPCs are replaced by N(O.l) pseudo-random devlate vectors. 



( 

Variance analysis 

88 

and/or the origin determines to relative high or low quality of the 

transformation. Let us eons~der a particula~ scatter plot of two modes 

As the rotation algorithlT's attempt to isolate the hypothet~eal s~gnal 

(presently in spaee), a sat~sfactory outco~e requires a small degree of 

scatter~ng away from the axes (1 e few pOints at WhlCh the two patterns 

are slmultaneously large), ~ndicating a clear modal separation, and a 

relatively large concentration near the plane orlgin (1 e several 

points et wh1ch both patterns are small, prov~d1ng for a buffer zone), 

indicating that the modes are indeed spatially ~solated Cases where 

this is not found denote either a lack of slmple structures (an expres

sion coined by Thurstone (1947» ln the d3ta set or the use of an lnap-

propriate rotation algorithm in this analys~s step An unsuccessful rcJ'-

tation will have a tendency to spread the ~nformation aIl over the scat

ter plane in a seemingly random distr1but~on. 

We have thus made a quick attempt to quantify this closeness con

cept, as applied to scatter d1agrams, us~ng a ser1es of ~onte-Carlo sim-

ulations. For example, we can calculate the percentage PlO of points 

that lie wlthin ±O 10 of the x and y aXiS, the data along eech of them 

being normalized. For tllustration purposes, Fig lï displays the first 

four of the model scatter plot series This set of four should be con-

sidered as representative of aIl the athers One question we could want 

to ask is "\.]hat is the probabili ty of these diagrams occurring random-

ly?" A closely r'elated question is "i,l1at 15 the probab1lity of this 

percentage PlO being found randomly?" 

question. 

\';e chose to answer the latter 

As our goal is to evaluate the complete transformation and not only 

a small part of it, we consider the full set of scatter plots and the 

average PlO is the quantlty we will test for rts value is 30 4% for 

model data43 . By comparison, a scatter plot of two vector samples of 

N(O,l) devlates would be expected to give us from probability theory (on 

the average) 15% of the pOlnts wlthln the same bounds After repeating 

this experiment a very large number of Cimes, we find that 30.4% 1S a 

43P10 is equal to 20.6% for the corresponding s~x unrotated EOFs 
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very extreme value Indeed. Q9 9Y' of the pseudo-random deviate vector 

experiments. with cach vcctor cOlltal111ng the !:.ame number of pOInts as 

the REOFs, produce ~mallcr PlO v,dues than tins If we separate the 

points near the orlgll1 from lhose dW .. IV t rom It. but still closE' to one 

of the axes. the salTle conclusion holds fOL- both subsets This indicates 

that the patterns are bath more lsoLlted dnd more separate than would 

occur randomlv dnd that the rolatlon i~ lndced acceptable 

In fact, the conclusIon ~LlI1d<; .l~ IOll/', .15 the dl~tance awav [rom 

the axes is small enough Replaclng 10% by 2)% does not change the re-

sult slgnificantlv. but replaclllg lt bv )0% does 1 n the 1 a t ter c ,1 se. 

there are sul1 too many pOInts near lhe orlgln. bul the number of those 

away from there become Indlstlngulshable trom what we find ln the random 

ThIS IS Ilot surprlslng as the arca of the plane we are 

testing is then an appreciable portIon of the total arca wlthin a stand-

ard deviatlon of the origin Accordlngly, the procedure 15 then only 

testing for points close to the ongln In other words. for a dü,tance 

threshold that is too big, the distInctIon between points that are near 

or far from any axis IS statistically lrrelevant 

Coming back to Rlchman (1986) and considering the full set of model 

REOFs scatter plots (not shown) in a fully subjective manner, we would 

probably say that, using his termlnology, the model rotatIon displays a 

moderate to weak amount of slmple structure. 

3.3.5 Spatial representation 

Let us now turn to the spatIal representation of the modes them-

selves. Figures 18 (a to f) and 19 (a to f) present the two opposite 

phases of the first to the sixth model REOFs. The former set is called 

the positive or first phase and the latter, the negatlve or second 

phase. Members of the positive set will at least di!:.play a maln posi-

tive extremum over their region of Importance The negative !:.et follows 

suit. As in Section 2.4, the underlying stlppled and clear bands corre

spond to the total streamfunction composite, but this time made up of 

all pentads that strongly project onto the chosen phase of a particular 
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REOF pattern, ltself displayed wlth heavy contour lines The contour 

intervals are the same as in the preceding set of surface figures 

We have also inspected the means of the lndividuai events that go 

into the total streamfunction composltes, as was done in the prevlous 

chapter and for the same reason, that is. to galn an ldea of the repre

sentativeness of the composiee wlth respect to the events that make them 

up. While none of these maps wll~ be shown at this Clme. 'vle wlii cer

tainly use the lt1slght g,dlned from thelr lnspectlon when commentlng upon 

the total flelds 

At first glance, it seems obvious that aIl of the patterns de

scrlbed by Figs 18 dnd 19 fall lnto two distlnct classes. high and low 

zonal index situatlons. at least over their princlpal region of Inter

est In the mld-Atlantlc regian. 10\'; :::onal Index cases are lilustrated 

by the positive REOF(l, 2 dnd 3) (Figs 18a. 18b and l8c, respectivelv), 

while the hlgh :::ona1 cases are represented by the negative REOF(l and 2) 

(Figs 19a and 19b, respective1y) The positlve REOF(l) is by far the 

most frequent case found ln this sample of model realizations, as can be 

seen from Table 3 and it highllghts the model Greenland blocking events. 

This mode lS clearly denved from the negatlve Atlantic anomaly cases 

discussed ln ChDpter 2 ~ote the ùownstream NSU negatlve and the larger 

lower latitude mld-Atlantic neg~tlve e,trema The ather two mid-Atlan

tic low zonal lndex modes resemcle the more normal mid-latltude Atlantlc 

blocking sltudtions 3S descrlbed LV mono- or dlPolar anomaly patterns 

Both of them display downstream 5ec~ndary patterns as weIl as lower-la

titude secondarv patterns, as was the case for the model positive Atlan

tic anomaly 

AlI of these cases, and especially the positive REOF phases, mimlc 

quite closely the lndividual events that make up thelr total circulation 

composites This i5 one of the maIn rcasons why we tend to believe that 

the analysls method IS successful ln producing a basLs for the 

perslstent anomalLes of the model Thus, the flrst three REOF5 are the 

domlnant model modes we could expect from the discusslon of Chapter 2. 

One surprising aspect i5 the splitting of the mld-Atlantic blockmg 



1 

l 
( 

i 

Variance analysis 

91 

events into two familles In Vlt:>w of the l11gh ill-phase correlation be-

tween members of the (3, I) REOF pair. tins m,IV or may not be an artifice 

of the analvsls method \..'e ,Igain rend to believe rhat thls separation 

has a real physlcal basls The hlgh correlat1on C,lt1 sunpl'! be explained 

bv certaln events that eirher hdve l.1rf',er l.1tltudinal pxtent or take 

place between the rwo R[OFs The ln-ph,I<'(' correLltioll nt tlH' (4,5) REOF 

pair can be slmll<1rlv t":pl<1ined TI)('5<' drp bv !l0 means ,lverage situa-

tIans or plse the y woulJ !>how up d':i modt''> III tlwmsplvps The las t lm-

portant correlat:lon, 111Volvlng the U,5) REOF pau, Is nnly d first ln

dicatlon ot the model's tendencv to Ilnk the mld-Atlantlc ,md NSU re-

glons as discussed c.1r118r 

The most Important result al thls section 1S that we cnn now iden-

tlfv <1 fewot the other lInport<1nt tvpp<, ()f pl'l"Slstent CllCuLltlons pat

terns that can oecur slInu1tdneouslv wlth mld-AtLmtle posIt1ve dnd Il'i;a-

tive anomalies The t",o most ObVl0US .ife the European dnd NSU low zonal 

index types of SItuatIons descnbed bv the positive REOF(I. and 5) 

There are relatively large numbers of ppntads that proJect slgn1ficantly 

onto one or the other ot these modes Theu inclusion in any of the 

prevlOus anomaly types could be quite m1sleading Please note that we 

agaln have an in-phase relationship between the mld-Atlantic dnd NSU re

glons in bath of these l~tter anomaly modes 

The opposlte phases of the Europé'an ,ll1d :;SU blacks ,,(,uld seem ta 

lndicate high zonal index c1rculatlons And lndeed cl few nt the indi-

vidual pentads that 1dentlfy with these REOFs are preclsely that. On 

the other hand, not all of them can be sa eas11y categorlzed The same 

comment stands with respect ta the negative phases of the first three 

modes. The events that go into these modes cannot be unambiguously 

ascribed ta only one type of circulation For exampIe, sorne of the neg-

ative REOF(3) are ln fact refiections ot cl positlve REOF(l) Situation 

As weIL, negatlve REOF(2) pentads can be assoclated to pOSitive REOF(4) 

pentads. This slmply means that negatlve mId-Atlantic centres of anoma

ly can be assoclated wlth e1ther positIve Greenland centres or with pos-

i ti ve European centres. Thus, the difference from prev10us analysis 

methods is that we now have me ans ta discrimlnate between those negative 
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anomaly situations by way of the other REOFs. 

3.3.6 La~ correlations 

We have not yet discussed the patterns associated with REOF(6) be

yond mentioning that it is the only REOF not significantly correlated 

with any of the other flve This sixth REOF portrays a west-Atlantlc 

dipole si tuatlon In an attempt ta cstabllsh thdt the \o.·A l'attern lS in-

deed part of the evolving large-scale clrCUlatlOl1, we have calculated 

the lagged time-correlatlon from -5 to +5 pentads between every palr of 

pes to see if there were dny indicatlons of linked life cycles 

Let us first clefine the short-hand notation (i ,j) is significant 

al:: k lag rneans that REOF(i) and REOF(j) are slgnlficantlv correlated 

when the former lags the latter by k pentads The value k can be eLcher 

positive (lag) or negatlve (lead) Only for the purpose of this calcu-

lation, moments ln tlme at which no slgnificant perslstent '4 events'-l are 

taking place have been included in the series but with zero coefflcient 

values These moments do not contribute ln any way to the correlatlons 

but their inclus ion precludes us from making spurlous connec tlons be

tween events that may not have been orlginally adj accnt in time The 

time serles used here thus have length equal to the number of pentads in 

the origlnal data set !Je have also calcul3.ted lhe composltes of the 

onset and demlse of the slgnlficant events that proJect onto each phases 

of the REOFs These wi 11 agaln not be disp1ayed, but \.Je will comment on 

the information the y contain, when appropriate. 

The length of time over which the lagged auto-correlations remal.n 

significant tells us the characteristic duration of the different types 

of events descrlbed by the REOF patterns It also gives a time frame l.n 

which cross -corre lations should be cons idered. In all but one case, 

there is a sharp cutoff after five days. from about 50% to 10--15%. The 

lagged auto-correlatlon of REOF(l) drops more slowly and is still 17% at 

15 days, when none of the other correlations remaln slgnlficant The 

44As defined by our standard anomaly criterion. 
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typical time scale ilssoci..1ted ta the REOFs 15 then -.)0 d,lYS for REOF(1), 

-10~15 days for REOF(2) and -5 ... 10 daY~ for REOF(3. L., 5 ,md 6) Lag 1 

corrplations cali thus be considered for l'very paIr ot modes as all modes 

displav ll'el1'OrV (,n th,lt tllne scale Unll'~s clparlY t'Xpl.llIlCd through an 

Indirect connectloll (l" lllV01VlIlf, d t had mod(') , .1 1.1f, 3 or longer 

correLltlon should Ill'Ver be COIlSldè!t'd 

margInal ln thdt Vl'rv ~,tl-ong correlatIon \'dlups WIll be Ileeded to retain 

thc>m as slgIllrlcdllt 

grouped ln tllne (L t' '-he (~.J) p,lIr l!.. ',lgnl.tlLdllt olt Llf,S ko-l, ka' 

kot-l. and so on) or ,1re found tor ail Isol.lted lag tlme WIll <1150 have to 

be taken Inta dccount The tonner wIll b" glven lDuch more credence thall 

the latter as lt llints to il dvnamic.l11v f'\'olvlng '-.ltUdtlOI1 

i,11at we iind is lhdt tber!.' .ln' llldl't'd ,1 i('\v ,>q~nltIC.1llt serles of 

correlations ;lamely, REOF(6) <,l't'ms to slgnlilcdntlv l.1g the first 

three REOFs bv one ,md two pentads TIH:' correldtion extrC'ma are respec

tively +13%. +21% and +10%. The slgns indicdte tlJ.:lt posltlve WA <moma

lies would follow positive AtlantiC basin anomalies This 1S consistent 

with the known behavior of blocking events to eventually drlft north

westward as they become Isolated from the maIn circulatIon The north

ward component of this drIft as well as the fact that ATL2 mode is the 

closest geographically to WA could explain the higher values for the 

(6,2) pdir. The composites of the decline phases of all these types of 

blocking anomaly verify this drift 

Lagged correlation of the (5,1) and (6,5) palfs are also found to 

be significant, although not as strongly for the latter In the former, 

REOF(1) leads at one and two pentads. 

significant. The maximum correlation, 

The zero lag correlation is not 

at lag 1, is -19% and the sign 

indicates that negative NSU anomalies tend to follow positive Greenland 

anomalies, a fact that is verified by comparing the compOSItes made up 

of the negative NSU dnornaly bulld-ups and the positive GRN ,.nomaly de

clines. The (n,S) paIr displays bath positive and negative significant 

lag ti mes But again, the zerCJ lag values turn out to be 110ns igrufi

cant REOF(6) leads REOF(5) with -l3% at five days and then lags wlth 

(a barely significant) +% at five days The latter again corresponds 



1 

, 

Variance analysis 

94 

ta a westward drifting of the NSU (positive) anomalies. The first part 

i5 a litcle harder ta explain. We can noce that REOF(6) displays a sec

ond dipole pattern downs tream of the princlpal one. This secondary 

dipole is both weaker and of opposite phase. What 5eems to obtain (and 

the ~JSU fositive <lnomalv composlte verlfles this) 1s that this second 

patterns will hdve a tcndencv ro bUlld up into the NSU REOF(5) pattern. 

The presence of a strong ~orthwest-Atlantlc precursor of o~posite phase 

is quite lnter~stlng as lt is not at aIL what Dole (1982) describes as a 

~SU anomaly precursor wlth hlS own NMC composlting 

Finally, the (3,4), (3,5) and (4,5) pairs aU display lag 0 and 1 

significant correlations 

at lag 1 while the (4,5) 

The (3,4) and (3,5) maxima, +14 and +15%, are 

maxlmurn, 17~, 1S found at lag 0 All of these 

Idg 1 values could dgain be lnterpreted dS examples of westward propaga

tlon of pOSltlVe dnoma1les toward the end of their life cycles There 

is another posslbllity wlth respect ta the (3,5) pair Bath negative 

anomaly compas i tes for the REOF( 3) onset and REOF( 5) demise resemble a 

Greenland block. We have already commented on the (5,1) and (3,1) cor

relations lnvolving the same type of events In view of this, the (3,5) 

connection is also probably due ln large part to the model's propensity 

to link negatlve Atlantic and NSU anomal les to positive Greenland anoma

lies as èiscussed ln the previous chapter 

It should be clear from this sectlon that although the correlation 

values we discuss here may appear ta be generally small ln absolute 

terms, the proportionally large data ba~e we retain is what makes them 

statistically significant This in turn points out the need in this 

type of analysis for a careful but by no me ans exclusive data selection 

algorithm Let us now turn ta the results of the REOF analysis of the 

anomalies of the observed NH Atlantic geostrophic streamfunction 
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3.4 Observed persistent NH Atlantic modes 

3.4.1 Overview 

We wlll use in this section the same data as ln Chapter 2, namely 

the NMC analyses of the NH geapotentlal dt 50 kPa valid from March 1965 

to February 1979 We also conslder exactly the same spatial damain as 

in Section 3 3, and the analysls proceeds dS before except where sp~clf

ically noted. Due to thelr "horter duratlon, the correlation thresh

olds we use for the NMC PCs are 11.9%, 14.2% and IB.n at the 10%, 5% 

and 1% significance leveb, respectively LlblE's 5 dnd 6 ('ont,1111 sorne 

of the baslc information derived during tl11s N~lC REOF calcuLltlon and 

can be read in the same fashion as the corrcsponding model Tdhles 3 and 

4, respectlvelv The mode namlng conventIon used ln the fifth table 15 

also the same as in Section 3.3 The spatial distrlbutlons of the posi-

tive and negative phases of the NMC REOFs one ta six are respectively 

dlsplayed in Figs 20 (a ta f) and 21 (a to f), the sign being again thal 

of the REOF main pattern. The underlying total circulations that are 

displayed in these figures are now given by the 50 kPa composltes of the 

geopotential height itse1f 

TABLE 5. 

General information on REOFs 1 ta 6 from the NH AtlantIc NMC geostro
phic streamfunction. Table organisation lS the same as in Table 3 

1 GRN 2 ATL2 3 EUR 4 NSU 5 ATL1 6 WA 

Variance % 21 4% 19 5% 17 3% 14 6% 13 9% 13 2% 

from EOF # 1,2,5 1,2,/+,5 1,4,6 3,5 1,3,5,6 1,5,6 

Max Correl 3 - 21% 4.+15% 1 -21% 2 +15% 6 +20% 5 +20% 

+ Composite 170 100 105 130 110 90 

- Composite 80 135 100 135 85 80 

We have reca1culated the PlO statistic with the rotated NMC data. 

The resu1t, 30 1%45, is again extremely unlike1y ta be found at random. 
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Compared to the model dara, there are about 2% fewer values near the or

igin and about 2% more near the axes, but away from the origin. Roughly 

speaking, this me ans that the observed patterns Cé1!l be expected to be 

very slightly larger on the average than the model patterns were shown 

ta be, 

By far the most recurrent NMC individual pattern is the positive 

REOF(l) Greenland block, even though the geographical position at which 

we apply the selection criterion happens ta be southeast of that. The 

second most frequent pair of modes are the pos~tive and negative REOF(4) 

NSU patterns The negative REOF(2) mld-Atlantic high zonal lndex circu

lation is itself about as frequent as the tlVO preVlOUS ones And al

though fewer pentads project onto the other modes, the least weIl repre

sented still have a respectable 80 d.:1ys gOlng ln ta thelr composites 

The actual percentage of all retained anomalous days that go ~nto one or 

another phase of a particular REOF ranges from 9% ta 4%. These percent

ages are roughly comparable ta the ones that apply ta the corresponding 

model REOFs 

From Table 6, the value of the (lag 0) correlation matrix determl

nant, which provides us with a measure of the lndependence of the REOF 

set as a whole, is again such that the NMC REOFs can be consldered ta be 

weakly mutually uncorrelated (as a set, if not exactly independent). We 

will now consider the instances where this lS not the case. 

3.4.2 Correlations and spatial patterns 

Notice first trat each REOF is found to be significantly correlated 

(at 0 lag time) with at least one other. In particular, the Cl, 3) and 

(6,5) pairs display very strong correlations In the former, the valut'! 

is negative sa that it relates opposite phases of the two REOFs. Let us 

now consider this pair Sorne features of the total circulation compos

ites are sufflcient to explain the h1.gh correlation values. In the 

first place, the negative EUR and positlve GRN pdtterns (Figs 2lc and 

45The un-rotated result is now 22.3%. 
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20a, respectively) bath describe Atlantic ridges at about 30
o

W, the lat

ter being much more intense than the former. Similarly, the negative 

GRN and positive EUR patterns (Figs 2la and 20c, respectively) again 

bath describe ridges but now along 20
o

E, the latter also belng more in-

tense than the former Thus, a REOF corresponding to positive anomaly 

patterns over elther Greenl.and or Europe finds common aspects with the 

negative phase of the other REOF. It should also be noted that the pos

itive phases of these two REOFs let us disttnguish between the strong 

negative mid-Atlantic anomalies associated with two very different types 

of atmospheric circulations. 

Table 6. 

General informatlon on the observation analysis procedure 
interpreted as Table 4 

Time Correlation Determinant o 921 

Total Hemlspheric Variance 6 841 x 10 13 

Retained Variance (6/21) 3.955 x 1013 

Ta be 

The second highly corre1ated pair associates the Atlantic monopole 

(Figs 20e and 21e) and WA patterns (Figs 20f and 21f) of the same slgn 

What connects these two patterns so strongly is not lmmediately obvious, 

especially if we consider on1y their positlve phases A good lndication 

is instead provided by the two negative composltes of the corresponding 

total circulation WhlCh both describe a higb-latltude Atlantlc ndge, 

upstream of the REOF(S) and nownstream cf the REOF(6) maln patterns 

The indlvidual events (not shown) that make up these negatlve composites 

do indeed verify this relationship We find several events for which 

the means display strong East-Atlantic and Eastern North America nega

tive extrema, more often than not in conJunctlon wlth d Greenland POS1-

tive extremum These events would proJect strongly onto the negative 

phases of both REOFs Surprisingly enough, we also find a few instances 

of double positive extrema for the events that go into the composites of 

the positive REOFs, but not as many as in the negative REOF cases and 

Lhis, particularly for REOF(6) 
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Another element we can gather from this examination of individual 

events is that the negative anomaly events associated with a particular 

REOF do not fall loto a unique type of circulation, be that for negative 

REOF(S) events or for negative REOF(6) events. Indeed, a few may corre

spond to GreenlanJ blacks, and then agaln, others correspond to mid-At

lantic blocks, to name but two d1ffenng types of negatlve REOF(6) 

events. In fact, upon exam1nation. the negative phases of the other 

REOF(l, 2 and 4) also have the same non-uniqueness problem to varylng 

degrees. The least affected mode is REOF(3) where most events project

ing upon the negative phase descrlbe a circulation structure similar to 

an Atlantic-NSU double block situation, '.,hile the positive phase events 

resemble a nlcely defined European black 

The ab ove p01nts out that, as vIas found for the model REOFs. the 

compos1te means obta1ned from negative anomaly events are ambiguous 

Again, one has ta wonder about results that concern event life cycles or 

their underlying physical mechan1sms. These results are often obtained 

when aIl negative anomalies are considered together, that is, without a 

prior attempt ta distinguish between the different types of circulation 

these negatl ve anomalies can reflec t To be sure, using a much more 

stnngent select10n rule than what is applied here may alleviate the 

problem somewhat Cat the same time, eliminating most events) However. 

we would probably end up studying a very particular type of composite 

anomaly. 

On the other hand, this ambiguity does not seem ta apply in general 

to the anomaly sets that make up the composites of the posHlve REOF. 

From an exam1nation of their individual member events, those latter sets 

of anomalies are more homogenous in morphology and can thus be said to 

define certa:n circulation families. Each famlly then essentially rep

resents enhanced ridging over its mode's main geographical pattern Not 

surpr1Singly, in Vlew of its very nature, the only real exception to 

this is REOF(6) where the posltlve anomaly cases would generally de

scribe situations of increased ~onal circulation. 

\-11at are the typical time scales that can be associated wi th these 
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empirical modes? An answer is provided by their lagged auto-correlation 

statistics. We find large (i. e. -50%) values for all REOFs at lag 1. 

As well, all of them, except for REOFs 2 and 5, remain significantly 

auto-correlated to ten days, the largest value being found for REOF(l) 

at 24.8%. But none is correlated at 15 days, although REOF(l) cornes 

close. It is thus obvious that all modes evolve along a five- to 15-day 

time scale, a range tha..t brackets the minimum duration value in our 

anomaly criterion. In terms of individual modes, the most persistent 

REOF(l) can be assigned a ten.- ta 15 -day Ume scale while the least 

pers~stent REOF(2 a~d 5) can be assigned five- to ten-day rime scales. 

3.4.3 Lag correlations 

Ooes this REOFs model offer any insight on the evolution of the at

:nospheric modes that it holds? 'Je will now discuss the links we find 

between the observed REOFs through their time lagged correlations. As 

we did for the model in Section 3 3, the onset and demise composites of 

the events that proJect significantly onto each phase of the NMC REOFs 

will often be considered in the following discussion, but they will not 

be displayed 

The most persistently related set, even if not the most strongly, 

appears to be the (1,4) pair of REOFs, the Greenland and NSU patterns. 

The correlations remain significantly large for Llg times of -2 ta +2 

pentads. The pair dlsplays two extrema, the +1 value which lS +17% (in

phase) and the -1 value at -18% (out-of-phase) It lS interesting to 

note that the zero lag correlation, 3%, is not dt all sign~ficant, éi 

fact that could indicate the ex~stence of two distinct connections be

tween the REOFs. Accordingly, we consider the posltive and negative 

lags separately. The out-of -phase negative lag, where the Greenland 

anomalies lead the NSU anomalies of opposite sign, would be consistent 

with either polanty of the REOFs. For example, the negative REOF(l) 

displays a weak downstream pa~r of extrema and a corresponding weak 

ridge in lts compostte circulation that are nearl'/ colocated w~th the 

pos~tive REOF(4) main pattern, itself descr~bing an intense NSU ridge. 

The composites of the demise of the negat~ve REOF(l) and the onset of 
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the positive REOF(4) bear this out even more c1ear1y. The negative 

REOF(4) pattern, a NSU trough, a1so holds within ItS own composite an 

attenuated flavor of the positIve REOF(l) Greenland block and this is 

again evident in corresponding onset and demise composites. This five

day 1ag could thus present us wlth either a NSU blocking precursor or a 

Greenland positIve anomaly follow-up 

The situation is not as clear for the positive lag times, where the 

REOF(l) patterns lag the REOF(4) patterns of identical phase. This as

sociates positive NSU anomalies to positive Greenland anomalies and vice 

versa. w~ereas the lag 0 patterns gave us a least an inkling of what 

was going on in the previous case, here only the demise and onset com

posites supply us with an interpretation in terms of synoptic situa-

tions And what they suggest is that the positive Greenland anomalies 

sometimes follow positive NSU anomalies in a general easterly motion of 

these large scale patterns. Insofar as their composites can tell us, 

there does not seem to be any particular lInks between the negative 

anomalies 

The strongest observed correlation at any lag time is found for the 

(6,5) pair at lag l. This maximum, +27%, applies to lag l. We have al

ready discussed the strong value at lag 0 and the conclusion was that 

the negative cases were mainly responsible for it. The onset and demise 

composites tell quite another story The anomaly patterns found in the 

demise of the posItive REOF(S) and the onset of the positive REOF(6) 

(i.e. positive WA following positive ATLl) are very similar, much more 

50 th an the reverse phase composites. That is not to say that the pre

viously proposed mechanism involving negative extrema does not stand 

There is indeed sign of it in the latter pair of lagged composites. But 

this signal is decidedly weaker than the one accounted for by the posi

tive events 

There are two other paIrs of significantly correlated REOFs in this 

set yet to be discussed They are the (2,4) and (2, 1) pairs at lags 0, 

1 and 2 and lags 1 and 2, respectively. Both have their maximum at 

lag l, +23% and -17%. Let us first consider the (2,1) pair. This out-
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of-phase re1ationship involves the demise of the positive REOF(l) and 

the onset of the negative REOF(2). This is quite clear from the compos

ites of each of these events, as these two composites bear strong resem

blances to one another This is not the case for the composites of re

verse signs The sltuation described here is a westward movement of the 

decaying Greenland positive extremum, accompanied by a drifting and am

plification of the negative extremum towards the northeast. 

The (2,4) correlation in which an ATL2 pattern fo1lows an NSU pat

tern is a little harder to explain, as was the case for the (1,4) in

phase lag 1 case. The same explanation can be invoked here as was then, 

i.e. an easterly drlfting (or maybe re-establishing is more appropriate) 

of large ,scale patterns of posltive sign. However, somethlng else now 

seems to be involved as well The lag 0 correlation. +15%, is signifi

cant so that there also is sorne degree of co-evolutlon present. The 

events included in the lag 0 composites make this quite clear Indeed, 

we find several instances of either double troughs or double ridges, one 

of them over the NSU and the other over the mid-Atlantic. This is re

flected in the total circulation composltes by the fact that an impor

tant ridge over one region is accompanied by a smaller one over the 

other. And, the same holds for troughs. On the other hand, most of the 

demise and onset composites do not tell us very much The only one that 

contains a recognlzable set of patterns is the onset of the poSltlve 

REOF(2) What shows up there is a clear posltive REOF(2) pattern wlth a 

rather amplified NSU posltive extremum. This again points ta a lagged 

connection involving posltive anomalies between two regions, the earlier 

anomaly being situated downstream of the latter's position. 
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3 . 5 Conclus ion 

It is very interesting ta note the extent ta which bath the CCC and 

NMC analyses of variance parallel each other. Ta be sure, the differ

ences noted in the second chapter are still much apparent, if only in 

the amount of variance explained by the six NMC modes with respect ta 

the six CCC modes. But even then, bath REOF sets account for nearly the 

same relative percentage of theH respective total variance. i. e 57% 

and 54%. 

The most strlking similarity resldes in the modes themselves 

There is indeed a clear parallel between the model and observed REOFs. 

The same circulation pa tterns are identified by both even though their 

relative importance may not be quite the same As an example. in Vlew 

of the northerly bias already displayed by the more classic model analy

sis carried out ln Chapter 2, the fact that the proportional importance 

of the GRN pattern is significantly larger in the model th an in the ob

servations is not surprising However, this pattern 1s the one that ex

plalns the most variance in bath data set 

Sorne slgnificant lag-correlations were found in bath analyses. As 

an exarnple, a few situations described WA follow-ups ta mld-Atlantlc 

events Another recurrent situation seems ta indicate a strong negative 

GRN anomaly as precursor ta NSU blacks. There are several ather exam

ples. There are also, certalnly. points ln which the model and observa

tions do not agree. But these seem to be minor when compared ta those 

points for which the y do 

One aspect for which there certalnly ls an agreement concerns the 

negative anomaly phases of the REOF5. These were found in most in

stances ta be ambiguous ln that, qUlte often, more than one type of Clr

cula tian managed to proJect strangly anto them. On the acher hand, it 

seems that the posltive REOFs did not display any of this behavior 

There i5 only one. nearly successful. case of a negative anomaly mode, 

the one depicted by the negative ATL2 REOF We were not quite able ta 

find an empirical mode that could be said to unlquely represent a nega-
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tive mid-Atlantic "black". This type of circulation anomalies may jus: 

not be frequent enough compared ta the other types of persistent anoma

lies and is thus not identified by the REOF analysis. However, the in

stances when this circulation pattern is in effect, in either of the ob

servations 'or the simulatIon, are obviously included in the negative 

ATL2 REOF. And indeed, upon verification, the individual negative 

events that strongly proJect onto this REOF are maInly of this type, but 

even then, not all of them were 
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We have seen in the previous chapter how a REOF analysis can, under 

certain circumstances, provide us wlth the primary modes of persistent 

mode1 and atmospheric variations. Once these modes have been identi

fied, the next step is to atternpt ta understand the rnechan1sm by which 

the corresponding events are either lnitlated, sustained or terminated. 

Several hypotheses were lndeed presented to th"c effect ln the theory 

review of Chapter 1 In retrospect, al1 of them are derlved from sim-

plified or law-arder models of the atmosphere and, as yet, verv few 

have been satlsfactorlly tested on more complex data sets such as those 

provided by elther GCM slmulat10ns or by observations. One notewarthy 

example of such a verificatlon is that of Mullen (1987) (hereafter ca11-

ed MS7), also discussed in the first chapter. 

Turning back to our second chapter, recall that one of the maln re

sults dealt with sorne of the differences found between the model and at

mosphere wi th regards to nigh frequency46 s torm- cracks and how these 

differences were reflected in their respective persistent anomaly dis

tributions. Namely, the CCC GCM seems to have a more northerly region 

of Atlantic synopt1c act1vity than lS found in the NMC (1965-79) analy-

ses of geopotential heights At the same time, the model also displayed 

a dist1nct Greenland extremum ln lts positive anomaly distributlons. a 

fea ture not present ln the corresponding observations Furthermore, 

while both the observed and slmulated REOF(l) derived in Chapter 3 were 

Greenland dipoles, the variance explained by the GCM mode was signifi

cantly larger. These facts seem ta point to a possible causat1ve link 

between the HF transients and persistent anomalies. This link, as pro

posed by Green (1977) and Shutts (1983), is the one that was studied by 

M87 in a diagnostlc study. following Lau and Holopa1nen (1984) (hereaf

ter LH84) , using normal composites of bath simulated and observed block-

46We will henceforth use the shorthand HF to denote hlgh frequency 
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ing events. Shutts reasons that eddies embedded in a deformation field 

(here the HF transients evolvlng in a diffluent jet stream) are (on av

erage) stralned into fllaments dnd thus, by energy conservation con

stralnts, energy should appear at progresslvely lower wavenumbers This 

mechanlsm impliF~s that an antlcyclonic forcing (due ta these HF tran

sients) i5 found immediately upstream of the black, in fact, at a posi

tion that is in quadrature ta the rldge itself. 

We propose ln the current chapter to investigate this same link, 

but to distinguish between different moments in the life-cycle of the 

events and to make use of an REOF decomposltion of the data sets before 

attempting any composites The diagnostic tool that w11l be used are 

the E-vectors as presented by Trenberth (1986) (hereafter referred to as 

T86), a recent extension of the concept of Eliassen-Palm vectors (.1. e. 

the so-called E-P flux vectors of [dmon et al. (1980» to the case of 

. d' 47 tlme-mean eVlatlons . 

This E-vector analysls will be restricted ta certain specifie cases 

of NH Atlantic anomalies, that is, ta the same type of events as the 

ones presented in Chapter 3. 

47A first version of this conc~pt is presented by Hoskins et al (1983), 
hereafter referred to as HJW . 

• i ____________________ ~~ ~~ ____ _ 
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4.2 E-vector theory 

We will now briefly present the E-vectors themselves, what the y 

mean and in what context are they applicable. The first (quite general) 

assumption in their derivat10n is that the set of govern1ng equations 

for the atmosphere are the hydrostatic primitive equations This seems 

quite appropr1ate as this lS precisely the set of equations used by the 

CCC GCM. The vert1cal coord1nate used by T86 is Z=ln(po/p) where p lS 

pressure and Po=100 kPa, but this c"n be replaced by pressure itself 

without any particular problem An entrepy ferm of the first law of 

thermedynarnics prov1des us with an evolut10n equat10n for the tempera

ture T. Other frequent appro:ümat1ons. such as quasi - geostrophy (as in 

H87) and/or honzontal non-divergence of the eddies (as in HJW) , need 

not be made at this stage. The starting equations are thus the hor1zon

tal momentum and thermodynamic equations 

D V + (f + u tanf/J/a)' Ex~ + l 

} (4.11 
and 

+ a w = - [ 

along with the hydrostatic (~p=-a) and continuity equations, as weIl as 

the perfect gas law (pa=RT). Here, D denotes the total four-dimensional 

Eulerian derivative and Dh is simply equal to D without its vertical 

portion The same distinction holds with regard to the gradients ? and 

?h' This three-d1mensional gradient operator ? on the sphere is defined 

as 

1 a 
cos rP a>. ' 

1 a ô 
<p art> cos rP , ap ) a cos 

Q is the entropy and a is the (time-dependent) static stability. AlI 

horizontal vectors of variables such as l and ~, respectively the hori-

zontal friction and wind, are denoted by underscores As weIl, a is the 

earth radius and 4> and >. are respectively the latitude and longitude. 

The local 3-dimensional octhonormal vector basis is denoted by (t./,k). 

The other symbols have their usuai meteorological meaning 

The next step is to exp and all of the variables into their respec

tive time means (over a specifie sample) and deviations therefrom, l.e. 
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x - X+X', and time-average the previous set of equations. The last step 

is to re-write the resulting products of time deviations in flux form 

(using the continuity equation). The time-averaged momentum and thermo

dynamic equations are then respectively, 

v 0 

and 

+ 

1 ( v,2 _ u,2 
"2 

COS" [ -u 'v' 

a w j + 

) , -u'v' 

? 
v'~ 

w'1>' 
P (~ -

p 

u'<l>' 
P 

7 + 1 .) 
cos tP 

(4 2) 

-v'w' 

1 1 

v'<t>' 
p 

where KE is the time -mean kinetic energy of the honzontal transient 

eddies As weIl, ï5 and Dh now only contain the advective components 

(but by the mean winds (u,v,w) and (u,v» of the original D and Dh' 

The reader will no doubt have recognized in the right side of equa

tion (4.2) that the horizontal portion of the first vector to be operat-

ed upon by 'V is very nearly the E-vector of HJW. 

difference is an extra 1/2 factor to be found here 

In fact, the major 

T86 shows that with 

this modification, the (barotropic) relative group veloclty of the tran

sient waves, Cg-V, is parallel to this horizontal vector Another ad

vantage of the present formulation is that we now have an exphcit ex

pression for the v- tendency as weIL as for the u- tendency associated 

wi th the trans ients. The approach of HJW gives us only the latter u-
tendency. This is relevant in the present context as we know the mean 

meridional wind v to be locally more important in the situations that 

are of interest to us than is generally the case48 One p0551ble expla

nation for this difference could very well be the eXIstence here of an 

appropriately large eddy forcing of this component 

48 Compare an O-block situation with the usually more zondl clrculatlon. 
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The goal of the E-vector approach is to isolate aIl transient forc

ing of the mean momentum in such a way that, in the absence of such 

forcing, the mean wind orofile would remain fixed. This is not the case 

in the system described by (4.2) and (4.3). Assuming that the transient 

eddy part of (4.2) is null, there still exists the possibility of (indi

rect) transient forcings of mean momentum through the mean thermodynamic 

equation forcing of ~p' To account for such a possibility, a mean re

sidual wjnd V*-(u*,v*,w*) is defined which satisfies the continuity 

equation and corresponds to the circulation remaining once the geo

strophic and hydrostatic balances have (nearly) taken place. Thus, fol

lowing T86, we define (using ~~e hydrostatic equation): 

* 1 a ( ~ ) a (ll'F) u u + f ay + KE + R- --ap op 

* 1 8 
( ~ + KE ) RÉL ( v;~' ) v if 

f 8x + :Jp 

* a (u 'T' ) R a ( v'T' 
w w R- -_-

4J ay -ax op cos op 

so that (4.2) and (4.3) become, respectively, 

ï5 (~ cos ~) + 

and 

* Dh ~ p + a w s + (~ 
p 

cos q, ) 

(4.4) 

w'~' 
p 

(4.5) 

where J(.~(ü2+v2 )/2 is the kinetic energy of the horizontal mean flow and 

E:, Ev are the so-called u and v E-vectors. These are respectively the 

same two vector expressions found in the second and third line of (4.2) 

(without their VO operator), to which are added the following vertical 

components: 

( _ :R 
op v'T' cos q, ) (for E~ ) 

u 
and 

Notice that, apart from the (w'T') covariance contribution, which 

vanishes in the quasi-geostrophic limit, there is now no transient eddy 

forcing of the mean flow in this modified thermodynamic equation (4.5) 

and the essential part of this forcing 1s then directly contributed by 

the two E-vectors, found in the new momentum equation itself. This im

plies that, except for the eddy vertical flux of heat, the usual indi-
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rt'ct forcings, arising through secondary circulations, are thus expli

citly accounted for by this formulation. We should also mention that 

the momentum equation (4.4; has been re-written in terms of 

(U,V)=(u,v)xcos <p since this is the appropriate continuous expression 

for t:1e horizontal wind when using lac5 t1..:Je/longitude coordinates on the 

sphere. 

As T86 comments, the definition of the residual circulation that is 

used here is based upon the usual quasi-geostrophic ~pproximation of the 

more general geostrophic balance equation and, as such, it is not quit~ 

appropriate for planetary scale waves. As well, all terms involving w' 

are dropped by T86 in his final expressions for E: and [v' This may in 

part explain the large imbalance he finds ln a point-wise budget calcu-

l · f h' - 49 0 h h d h . l atlon 0 lS u -momentum equatlon n t e one an, t e vertlca 

speed w is a notorlously III behaved field when derived from any type of 

observed (initialised or not) quantlties ThlS is ObVlously not the 

case with modelled fields Furthermore, the usuai scale analysis of at-

mospheric waves (most often applied to planetary scale waves) predicts 

that the terms involving the vertical speed (or, for chat matter, its 

time-deviation w') should be small. On the other hand, a synoptic scale 

analysis of these same terms shows that they cannot be ignored sa easi

ly. Since we intend to study the lnfluence of the high- frequency tran

sients, which are precisely of synoptic scale, we feel that the w terms 

should at least be evaluated in the case of the observations and fully 

considered ln the model analysis Accordingly, we will construct w 

fields by vertically integrating the horizontal dlvergences provlded by 

both the model and observed data sets. These integrations will be car

ried out fJ:om the top clown and will assume a no-vert:J.cal-wJ.nd condition 

at the top. 

1,.7e have chosen to display the tendency (a~/at) t:r of the tlme-mean 

horizontal streamfunction ~ due to the eddy transient as lt combines the 

relevant informatlon of the u- and v-tendencies ln a single relatively 

smooth functlon This former field is easi ly obtained from the latter 

49 See his Appendix B. 
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two. Indeed, if ~ is the Laplacian, 

( :~ ] tr 

where (8u/8t)tr and (8v/8t)tr are directly related through (4.4) to the 

(three-dirnensional) divergence of E: and Êv' respectively. We can thus 

distinguish between contributions of the horizontal (barotropic) and 

vertical (baroclinic) components of the E-vectors. These will be label

led ( )trh and ( )trv' respectively. 

It will be very important, while viewing any of these ~ tendency 

fields, to remember that their absolute amplitudes are of themselves 

quite arbitrary and that one should instead consider the results of the 

(kxV)-operator on these fields, which are quite meaningful, as they re

late ta the (rotational) w~nd tendencies. This rneans that a strong hor

izontal gradient of (8ïjj/Bt)tr wlll be more lmportant than a large abso

lute value. 

Before proceeding to the analysis itself let us discuss sorne of the 

mechanics involved. 
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4.3 Practical considerations 

4.3.1 Multi-level observations 

The first practical considerat1cn has ta do wlth th(' Oh!:.l'I"V('d (bt.l 

set. Up till now, we have (ma1nly) used a )0 kPa NMC ~,('t of 1\/1 g('Opo" 

tential analyses spanning the pCrlod of ~larch 196) to Fe>bru.lry 1979. 

This single-leve1 data set 1S no longer sufficient apd wc> h.1vl' l1.1d to 

turn to one of the newer multi-leve1 data sets The NMC dr,ht-vC'dr dal-

ly (00 GMT) analyses, valid from December 1977 thro\lgh November 198'), of 

temperature, vorticity and divergence have been retalned in tll(' prc>sent 

chapter The data are available at 12 mandatory pressure> 1('v('ls [rom 

5 kPa to 100 kPa 

Trenberth and OIson (1989) dlSCUSE> dt lC'ngth the probll'\ns d,>soci.1t-

ed with this data set The main one f or our purpose hd!:. t 0 cio wi th 

miss1ng data. Altogether, nearly 10% ot the data are round to be miss

ing. The earlier NMC geopotential analyses used in our study suffered 

from the same problems, but to a smaller extent, l e rour,h1 V Î J% No 

timewlse (very extenSIve) blocks were found missing in the e,lrlier data 

setSO , 50 that 1inear interpolation in time was t..haught to be ~utiicipnt.. 

to fix the problem Thjs Cdnnot be re1ied upon for the nC'wer ,>et ln-

deed, for the eight years period over which the data .ire> "dlid. tlwre 

are SlX blacks of missing data, each lasting at least ',IX ddV!, ,lI1d two 

of them lasting for 18 and 23 days, ln July 1982 élnd AprIl Fl!n. rl'~pec

tively 

Thus, we have had ta re-consider the tashlon ln which the dlll1ual 

cycle is removed, as doing a time-Fourler ana1ysls acros., <,uch e;{len~,lve 

blacks of interpolated data 1& c1early unacccptable li Il', purpo<,e l', 

only to determlne exact1y a few speclfic compom·nts. 1 Ile' b('F)l!l!llnf~ ,Incl 

the end of the Interpolation perlods "'Io\lld then be 111IfPl,,\(·<I .I!ld could 

result in unpredictable resu1ts in t'ourler space Tlw IJox HW t.hod 1 !l 

'..:hich each day of the year 1.':> om~ such box W<1c, u'Jl'd lll'J! ('dd IIIP .IJllllld] 

500nly one black 1asted four days, ·N~111(· !lone of the otlH'r'" (':(Pl'd Iwo 
days 
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cycle is then made-up of the mean of each of these boxes. Only the days 

for which the data were actually available are considered. 

lt can be easily shown51 that removing this box-like annual cycle 

corresponds to the removal in time-Fourier space of the annual period 

and aIl of its sub-harmonics. As the current set is eight years long, 

this me8ns removing every eighth harmonic. This is more severe than the 

procedure we used up till now and it may partly account for the fact 

that this datd seL hab the weakest anomalies of aIl of the observed data 

sets we have used throughout this thesis. lndeed, when statistics such 

as those found in Table 1 of our second chapter are calculated, we find 

that these observations are now only 20 to 30% more active th an the 

model, in terms of NH channel kinetic energy. In accordance wlt:h this, 

the anomaly criterion has a1so had to Le re-scaled downward 50 that the 

amplitude threshold of the observed anomalies has been reset to 

1.1xl07 m2/s On the other hand, the duration threshold part of our 

criterion has not been changed. A total of 192 pentads (l e 33% of 

this data set) were found to satisfy ei ther the positive or negative 

versions of the criterion. This percentage of retained pentads is on1y 

very slightly smaller than the corresponding one for the earlier observ

ations. 

Returning to Trenberth and OIson (1989), their qua1ity analysis re

veals that the NH analyses, poleward of 20 oN, are largely free of the 

main biases and spurious trends If they restrict themselves (as we 

did) to 00 GMT fields, they then find only three obviously erroneous 

global analyses, roughly 1% of the data we used As an examp1e, a maxi-

mum of 13 6% of suspect or c1ear1y bad analyses is reported for the year 

1984, but nearly aIl of them concern tropical or SH problems. As the 

diagnostics we aim to produce will be restricted to the NH Atlantic, we 

feel confident in using this data set as is, once the obvious holes have 

been accounted for. 

5lSee Appendix B. 
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4.3.2 Spatial derivatives and smoothing 

Let us IlOW c0l1s1dl'r tilt' lIlt'thlld u',('<1 lOI "llcul.lI 1111', th" d"ll\'d! 1\'"" 

ilssociated with the E-V('ctor" 

always involve d l..lrge part uf ,'n'or ,1" ,''\,h ',11(',:''','.1\',> dlll"lt'll! I.I! JUil 

lncreases the Importance or :.m.dl,'r ,1Ild ',IIl,dl,'r "(',d,, ..... .1\', .. , luI' ' .. :hlll! 

our knOl<lledge can be qUltl' 1I1dd~'qU.lll' 111 .III d!!"IIlP! tn ,dl,'Vld!" thi', 

problem somewhat, '"Je cOT1!:.idé'r l',act llOrl.:ol1t.l! d,'I'I\·.Itl\,,". (',\ldl ,l', 

those provided by il surLIC(' !-oplwl'lcill II.lnnUlllC "':p.lIl'.\OIl nf thl' d,lId) 

anè fourth-order precisE' vl'rtle,li dl'rlv;ltl'.'P'. (.1.., 11I'O\'ld"t! Ilv !II" ~,\lIIH>r' 

1 hl', III 1 Il 1111 

lZCS the illtroduction of ,'rrorJ Il.,. :111' "II,d',",I', 

dtions Wer(' proJèct(-(j ontn .1 'L'() 1; " 

truncation 

t 1 1 .III i', \1 l "r .' () J 'l'II,' 1 1 1 .. 1 Il.1 1 Ill')' 1 1 1 

The errors i:ound in the Initial .ln,llve,l'!> drp ·,tlll )\1 (",,'l1t, thulI/',h, 

and even the streamfunction tend(~ncv hd!:. ta Il,, lil~ltt Iv ',Jlloollll'd '-,0 .. '. ln 

remove eXCeSSiVe noislness Al!:.o, thl!'. l,ltu·!" field "','.l'Il!l.dlv 1011' 

tains a T40 level of InformatIon .1<, It 1'> fil!' Il".!II! of tl,,' product (If 

T20 arrays, A (r=2, 11 0 =20) vendon ot the <,pec!I',d ',1II()otlu'r pIOIHl,.l'd Ilv 

Sardeshmukh dnd Hoskins (19iJ!~) l!. lls,·d to .'tt.'('t rhl', ',IIIU(\llIIIlV, 

results ~n fields cantaining the saille bppctLd r.lngl' d', IIi!' [jlli',IIl,1! '!.'() 

data, but '"Jlthout the usual Gibb.s phellOrn('11011 fll,lt ',"(l1l1d ,,,«(Jllljl.!ll',' .. ',1111 

pler truncatlOn to T20 Dt tlH' rv c.\I1t it',plf 

The minimum Slze of horlzonLll domdlll '"Jt' (()Illd 1 I)!t',ldl't', \)('(0111',1' ,,1 

our choice of ~,pherical h,11ï1101l11 1),1',1', j'ltiCflfJll', 

E:-ven though we onlv '"Janted 1'(".111:" {J'/f'I'.1 '.11101111'/ .. 11.1 

Atlantic window of Chapter 

tields 50 that carL' had to b" t "kl Il ! Il l'J'(HIIIC 1 IIi', ~ III' '()I l' ''l'''lIdlllf', 'l'II 

slstcmt hellll~pherlc f lelds ':111:. Inl'dll', 'll,tt '1.t! d "jlld' 'JI'"J,t! cl "f 1 ("II',IIl .. 

20° latitude ',.;ere l"/f'ntu<ill; rll',c"rCl.d}',' :llf' Id (/<1 ',', ,of ;'llrl"llli/', '11(' 

.1nti-sVmmE'trlc (','nrtlcl t·,') ',n tll l'( ',Pl ',: 'IJ ~ L, '''!'ld! (/! 
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The last spatial consideration concerns the vertical dama in used in 

the diagnostic procedure Briefly, we did not retain the 100 kPa level 

as we wanted resul ts pertaining to the free atmosphere, at or above 

85 kPa, the next level upward. Thus, vertical means (, if either shown 

and/or only discussed) will represent averages from 5 kPa ta 85 kPa. 

4.3.3 High-frequency cutoff 

As we mentioned at the beginning of this chapter, we seek to deter

mine the influence of HF tranSlent eddies on certain particular mean 

circulation flows. The frequency cutoff used ta define these HF tran

sients is the same as ln Chapter 2, name ly, periods shorter théln one 

week. \,Je have thus had to isolate the HF components of our data sets 

This was done through time - Founer analysis, retalnlng only the compo

nents contributing to the HF range. One lmmediate problem lS that this 

procedure requires continuous data 50 that we decided to "fill in" the 

missing observations by llnear interpolatlons. Sa, care had to be taken 

also ta exclude from the re-constructed (and filtered) data time levels 

corresponding ta any of the previously discussed large blacks of missing 

observations 

To be sure, a Fourier analysis of such (interpolated) data means 

that the complex coefficients of individual frequencies may be lmpre

cise, but, as we currently only require a very broad-band knowledge of 

the information52 , the procedure is nevertheless deemed acceptable 

Again, the model data set does not at all suffer from this. 

There is a second point concernlng this frequency separation that 

needs ta be brought to light. We will very shortly use these HF data 

sets to construct several composltes Implicit in this is a discontin-

uous sampling of the total tlme-series, highlighting certain types of 

events. The (model and observed) sets used ta build the covariance sta

tistics from which the E-vec tors are deflned will thus not be the same 

as the ones in which the frequency separatlons were done Now. we know 

52 For which band, Ive have a large number of correct realizations .:lt each 
frequency. 
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) 1 
from e1ementarv Fourier ,ll1alV~l~ , :h,it tl\l' 1,,1.11 \',111.11\1'(' ,d " "1'1'1 If l' 

variable X is th€' ~lIm ot t!ll' ~,qtldrt·d ,1II11'111\ldl". ,,1 .d! ot 1(!. III'qUI'lll\' 

componcnts 

bution~ ta the tot.!l \'.11" 1.11\<' l' Il'.' , Il h"l . \'1" 1 1 l' 111''111''111 \' l "1II1"'ll,'II!·. ,>1 

bv specIfie trl'qU(·11C'.' h,i!ld., illl' dll Il'IIIl! 11I"I'II'Il,V '"lltlllllil 1\111'0 ,Ill' 
\ 

'jeparate "nd lt J!> q\lltC' Jlll'.111111~',ttll (n 1\111'.1<1"11111'111 III j·.ol.ItIClIl !I"w 

fier f'XpanSlons "ft? onhogon,il IlVI'r :hl' \o.'ho!l· t 11111"' .. 11,", 1 il l', 1', l," 

longer th,> Cdse Wllh :!ll' < .. lInpll·d ,!.It.1 ·.t't·, 

flne a composlte ''';111 111 I.ICt l"Il!.\11l '"ll:l':\)\I!IClIl', flllill ,11 111'1111'11 

l'leS, "!> '..:ell ,,!> IroIll ,!H' lomp!l'!l' 111:",·" l,·. 11111' 1111'')11', "11 

',ampl e !)(>comes mOL" 1· .... tl'Il'-, l '.'1', • ... 1 J 1 1 Il' 1 • l)t' ( r t' (1 ~ (, t () J 1 \,' (' ri' 1 

llowf>ver. for smalll'r '"Ilnplc's, It 1', J'()"',lhll IfI "'II',ldl'l .\ 1lIl',dd"wlI fil 

,,? into several distlnct (and 1101\';'(>1'0) <"Ilnpll"llll'd\l", l'.wh (1)11' '"11 l' 
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4.4 Tendencies due ta high-frequency transients eddies. 

4.4.1 Observed positive ATL2 events. 

Let us now turn ta the E-vector analysis itself. .1 .. ~ first consider 

the observed data set. As a preliminary step, the same REOF analysls 

discussed in the previous chapter has to be redone, but now, with this 

shorter eight-year set The different modes thus identified parallel 

the ones in the earlier observations That is not to say that the REOFs 

Rather, lt is possible ta estab-are identical This lS not the case 

lish functional equlvalences between the two sets of empirlcal modes 

This lS d good example of the stabl1lty feature of the REOFs themselves, 

as discussed at length in Appendix A. 

We have chosen to concentrate our analysis effort upon a single 

type of circulation and thus, to extract time levels at which the anoma

ly flow projects strongly ante the observed positive ATL2 mode (that we 

denote by +ATL2), a mid-Atlantic dipole blocking situation. As it turns 

out, this is the most important REOF of the present anomaly data set (at 

least in terms of explained variance, I.e. 22%), whereas it was second 

to the GRN mode in bath of the longer 1965-79 geopotential analyses and 

in the 20-year model data set 

We also separate the onset, mature and demise periods of each of 

these +ATL2 events, thus obtaining three different composites. This is 

do ne in the followlng manner. As in Chapter 3, we make use of an ampll

tudejduration criterion applied ta each of the rotated principal compo

nents (RPC) ln arder to identify the lndividual evenrs (by their respec

tive pentads 54 ) to be included in the corresponding REOF composites. 

Note that the amplitude part of this criterion is not quite as restric

tive as the one to be round in Chapter 3, namely the RPC pentad value 

has only to be larger th an 1.036 55 , rather than the preVlOUS 1.28 ThlS 

1s only changed to account for the shorter tl.ne spanned by this partlcu-

lar data set. The model amplitude threshold is not modified J.nd the 

54Remember that our REOF analysis applies ta five-day mean data. 
55Th1s only the cumulative N(O,l) value for the 85% probability level. 
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(Fig. 22) that a significant mid-Atlantic block is already the IT,aJor 

feature in the onset streamfunction composite. This agrees with the 

rapid growths of this type of event in its initial period, as documented 

by Dole (1982). This composite block grows substantlally toward its ma-

ture stage (Fig. 23) Finally, while the demise composite (Fig 24) 

still displays relatively weak mid-Atlantic westerlies, lt also shows no 

strong ridging activlty, so that the block is then effectively gone. 

We now address the (w'~') problem. Comparlng Figs 23a and 25a, the 

total tendency maximum is more localized i~ ~he former than in the lat

ter. Furthermore, this extremum is then a1so stronger, 8. 03xl0 6 m2;s, 

and in a quadrature position to the event itself, while in the latter 

case, we find an value of 6 21xl0 6 m2/s ae a position 30 degrees longl

tude further upstream. The corresponding vertical components. presented 

in Figs 23c and 2Sb, are at first glance very similar, as for examp1e, 

the major horizontal gradient, between the Québec positive and West-At

lantic negative extrema, is smaller by only O.5Sx10 6 m2/s in the former 

figure S7 . This avera11 pattern is indeed present in both cases and can 

be associated ta a strong barac1inic dece1eration of the time-mean Jet 

strearnS8 , main1y a10ng its northern flank and Just upstream of the 

black, as synoptic events grow at the expense of the tLlle -mean fLow. 

The largest differences can be found over the genera1 are a of the 

b10ck itse1f and. in particular Just upstream of it. There, the North 

American anticyc10nlc tendency is essentiaLLy cutoff in Fig. 23c as com-

pared to what can be seen in Fig. 25b. Instead. a distinct cell of 

anticycLonic forcing is now apparent and it combines with the barotropic 

tendency over the block, Fig. 23b, rather th an cancelling it. The up-

shot is that the vertical momentum covariance terms seem to reinforce 

the barotropic tendencies over the block. while reducing their 

baroclinic counterparts over or near the upstream continental coast. 

One result of this is a better horizontal separation of the tendencies 

57 This same gradient is reduced by 1 5x106 m2/s ln the ~ase of the an
set composlte. 

S8As found by LH84, for genera1 wintertime flows, and by M87, in block
lng events. 
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transports would be maj or contributors to the required forcing of the 

event, the horizontal HF-eddy momentum transports providing weaker sup

port. 

This conclusion is quite different from that of MS7, who concludes 

that the tendencies induced by the heat transports act instead ta dissi

pate the temperature anomaly wlth the blocking pattern and that 

(barotropic) processes assoclated ta the latter are predominant ln forc

ing the upper level flow At this moment, we can only pOint to the dif

ferences between his analysis procedure and ours The main ones is that 

MS7 solves for the (quasi-geostrophic) geopotential tendency over the 

whole composite event. Thus, it is for example quite conceivable that 

the tendencies due to the HF transients change significantly as the 

events go through their full life-cycle. 

As for the demise stage tendencies, since the block has by that 

time main1y dlsappeared, we wou1d expec t the resul ts of this tendency 

analysis ta resemble those of LH84 and lndeed they do, except that the 

tendency due to the HF-eddy heat fluxes is still very much stronger than 

the tendency due ta the eddy momentum fluxes, which has by then markedly 

decreased. M87 comments that using the eddy heat transports in an E

vector type of approach does indeed produce larger tendencies than is 

found by the Lau and Holopainen tendency approach. The quadrature forc

ing term ltself is all but gone The eddy associated baroclinic decel

eration is now orlented zonally, indicatlng that the eddies are no long

er deflected norchward, as is clearly the case in the earlier compos

ites' so that the eddy straining mechanism hypothesized by Shutts would 

a1so be absent. 

An example of the vertical averages of the horizontal and vertical 

component of these tendencies lS provided in Figs 26a and 26b, respec

tively, which apply for the mature stage of the events As expected. 

the tendency due ta the \ barotroplc) HF -eddy momentum fluxes dOé!S no t 

display any tilt wlth height, as the vertical average extrema occur at 

the same position as the 25 kPa extrema. And again, aS expected, the 

sarne cannot be said for the tendency due ta the (baroclinic) HF- eddv 
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the model and observed +ATL2 modes no longer match as exactly here as 

they did when we used the older, but more extensive, 1965-79 NMC analy-

ses. 

The model onset total tendency due to HF transients and, in partic

ular, its vertical component, respectively Figs 27a and 27c, are two 

such fields ln which the major differences with the observations are 

probably caused bv a model inadequacy Ue can see a very strong zone of 

Jet stream (baroclinlc) deceleration immediately dowllstream of Green

land, over Scandlnavia. The usual Uest-Atlantlc/North American deceler

ation zone is still present, but is less intense, though beographlcally 

more extensive, than other one The Scandinavlan barocllnlc Lone lS 

very clearly the result of the (erroneous) model tendencv for d very 

high latitude extension of its mld-Iatltude stormtrack Synoptlc events 

thus have a second chance ta grow at the expense of the tlme-mean flow 

The HF-eddy heat fluxes do not seem ta sus tain the main anticyclon

ic event at aIL If anything, they do quite the opposite. On the other 

hand, the tendency due to HF-eddy momentum fluxes, Fig 27b, displays a 

very clear quadrature anticyclonic forcing The North American 

barotropic acceleratlon we generally had ln the ~MC cases seems to be 

nearly absent The only present aspect of it 1S the rather northward 

acceleration found upstream of the model ridge, but even that 15 much 

weaker. Stric tl v in terms of the amplitudes of the different tenden

cies, we certainly could have expected smaller model values, as we had 

already found the model HF tranSlents to he themselves smaller than the 

observed ones However, it wou Id seem that this problem is linked more 

to the momentum fluxes th an to the heat fluxes, as the tendencles asso

ciated with the former dre relatively weaker than those of the latter, 

and that especially when comparing to the corresponding observed quanti-

ties. In fact, the most important barotropic forcing is the quadrature 

forcing which is itself directlv <l.ssociated with the block malntenance 

In general, these comments still hold for the model mature compos

ite, as the barotropic and barocllnic tendencies, respectively Figs 28b 

and 28c, display the same biases However, lt should now be noted that 
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posed by equation (4.6). We have already mentioned that these extra 

terms should be small for large sample sizes and this indeed turns out 

to be the case, at least where the (larger) model sample is concerned. 

The resultlng tenderlcies (not shown) are at best organized along the 

very small scales and seem to have 1ittle to do wi th the 1arger sca1e 

circulation. The spatial distribution of the individual wind tendencies 

(which are again not shown) indeed reveal a series of small seale, sign

alternating, extrema along the sample-mean wind track, a series whieh is 

quite reminiscent of the individual synoptie events themselves. The up

shot is that, as we are essentially interested in the large seale pat

terns, these contrjbutions to the small seale total forcing are irrele

vant to us. This would eertainly not have been the CFl3e had we been 

studying tendeneies of synoptie seale events. 
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4.5 Conclusion 

What can we conclude from the~e c.dculc.lt ion' . .' f' 1 r~,t. WI 1 h 1 t",Pt'C( 

to the HF-eddy tranSlent torclnr, aL blockillf, \!Vl'I\(·,. 

rature forcing alwavs SP(·Int. to dCCOlllpdllV ditflul'llt (<lI' ,'Vt'Il dIVt,!'tl'dl 

flows in both model and obt.en.'atl()l1~ 1 h.l t dO(>L, 110 ( P l'O\'t- 1 h.1 t 1 li., 

translents are sol(>ly l'p::,pollslble for tlll' l'VI'nt'_. hut II do.,!, dot'!> ',11Ow 

consistency wlth the sunuLltlon ot blocklllg tlow!> III ',lInplt'I' I!lodl'l.., ·.\ll'h 

as those of Shutts (1983) or 1!~11IlC'!> .ll1d ~!.In.h.dl (l'iH/) 

Secondly, the model iorcinp, are gelwr.1\ly Wt'dkl'I' th,lll tlH' ()lll'~ dt" 

rived from the Nt-1C analyses, winch 1', .li~.lÎll (,OIi·.\!,II'nl WIIII 1 .... •• Il1tl'II',(' 

transients of the modc>l 

stances of strong lIF,eddy tr.111~ll'I1t fOI'CIll)j III 1111' lIlod., 1 , lntt tlll",(' .III' 

not as widespread d~ ln the u]).,ervdtlo\\,> 

(probably erroneous) high latltudp (bdl'oclinic) forcillg ol 1111' Ol\"'l't 

composite and, more Intere~tingly, the mld-Arlallllc (dgdJI\ I>droc!JIIIC) 

"anti-blocking" forcing found for the demise st.lge of tilt' COlJ1pOsltt' 

event, 

The quadrature torclng ~eems )'(,Llll'lcly mon' IIll\JOrt.llll III tlH' mCHI!'l 

data set than in the observed Onl!, but ln bath (Litd :-'1'1<" Jt ,d·,C) Vdl'lC'", 

wlth the intensity of the black :\g.lln, ' .. nlh t'l".pecl ln tlll', fOI('III/'., d 

major dtfference between the t'..JO d.dol ',el', 1:' :h,lt It ',('1'111', to lH' .\ 

purely barotroplc phenomenon in ttH' Illoclt-l, Whll(' !Jolh thl! bd\"otIClpll: .Ille! 

baroclinic components of lhe IlF-~ddy lr,m~lellt torCll\)~ IIldkp (ont 1'11>\1' 

tions to it in the nMC analvse., ln fact, Ill(' bdrOcllnl( (1)IIIpOII('llt (.lll 

be seen to be the major contributoj' ln 1 Ill' ()b~,('I·.'I'cl !lll',('t (()l!Ijl(J!.lt(' 

This wDuld agree weIl wlth the old Id(-,j (JI tll('rln,ill'l j'Jlc(,d llil' Illltl

ated) blocks 60 , <.omething that ',tudl ('. ',uch d', :1H 1 hd',!(' Ilot 1)( l'rI db 1 \' 1 Cl 

'lerif'l In facto :187 "('emed tn Ilrpl'l the )'("/1'1',(' 

'!('f t or'. '!.\ 1 

les c,ubstantldll.,. '..Jlt lllll tlw lJtl"('iCl(' ,JI tfll', ('''PI' ot ".'(!lt 1111' 

() () 
Ilosklns and Sard('shmukh {l fiE,' 1 : Il .. (d',I' ',t 11<1',' f) j " '''; 1111 (, r l 'Ii!!) 

blocklng e'lent, ':.ho:.l d ',('rH.., "t ;'.IIi:ropl< l,OI('llt;.,] 'orl If Il'" 111.\ P', 
::hat ',omewhat ',\lfJport 'hl', Id • .ï 
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model baroclinic component do not appear to be involved in the block 

maintenance (in the sense of a quadrature forcing at least), but, on the 

other hand, it seems clearly related ta its demise, something which is 

not obvious in the observations. 

Part of these differences may have arisen because we '.ad ta relax 

our selection criterion for the compositing of these eight-year NMC 

analyses, so as to obtain more stable statistics. A larger data base 

would certainly have helped as is witnessed by the good agreement be

tween the model and the older (but longer) l4-year observations in the 

variance analysis of the previous chapter There i s indeed a corre

spondence between the model and observed versions of the ATL2 mode, but 

it is no longer as good as before 

Finally bath data sets show the same physical general interactions 

between the time-mean flows and the~r corresponding HF transient eddies 

As an example, over the storm tracks, the latter baroclinically extracr 

energy from the former and and at the same time, give back part of that 

energy in a barotropic manner (1 e by .... 'ave-wave interactions) This 

agrees with earlier results such as in HJW and LH84. 
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Overall conclusion 

1 ) , . , 

Throughout this the!>ls, wc h,IV<, trled to f,.1111 d Il,>(tl'l' IIl1d,·r ... t.lIld-

ing of the important dtmospherlc l'v(>nt~, 1.1(> (',dl l>lock" i-,'" Il.IV'· 1I·,1·t! 

both simulated and observed ddt.1 for tholt pl11'po<,,· .1I1d ,.,'Vt'\,d (11111.1(01 

ogies have thus beE'n establishpd t\ ! ir',t ·,trong (llllClu'oIllll (h.l( ('.111 h.' 

drawn, relating to thesl:' dlffere'llt cl 11ll.lt OIO)',I,'<' , l', (h.l( :11I'lr dil!,'\ 

ences are more of.1 quantltallVP tholll .1 quall!.I!IV'· Il.1111\'' \..',' Il.lV.· 

found the simulatcd and observ('d dl10maly cl imdt ologlt,<, (() 1", 'Ill \ t (' '011111-

lar as to preferred t ime ,lnd ~,p.lce ~ca Ip!> TIll' oh J t'C t 1 VI' dllO/ll,I\ y crI t.· , 

rion that is used tocems to IdPlltifv 1110',1, If Ilot .\11 ',11'.1111 1,'oIlIt 

persistent eventto It IS .,hOWI1. 111 agll'«In('llt wllh oldt,!" ·,(lllll' .... (11.\1 

blocks are not: rare phenomcna TIll' 11111«-11\('0111 .IVt·!".I)','''' lit .illIIll,.phl·1 l, 

flows is thus made-up of very dlfh'rL'nt ',Itudtlom, ()lIl' 11II11IVe! 1.1 t " «(lll-

sequence of this 15 that the mt'i1l11n~; (or u!,e1.ullll·"") oj ',\1< Il dv .. r.lgt'~ 1'. 

questionable. In particular, t.he WlnLel" llild-Atlollltll' l'll<IIJ.ltlOIl ·""'lli'. 

to spend nearly half of its time l'ither III tht' Oll~('t. Illoltllrt· 01' dl'llil',!, 

stages of blocking l'vents 

Note that the !nost severe q\l.\tItltall'JP dl'H1f',I1'<'!n\'1l1 h"t''';t'''ll 1 lit· oh 

servations and model data occurred III LOlljlHlCl!on wltl! tlll' IH".t '1\10111101-

t:ive agreement:. 

most active tranSients of all ddt,l ',1'1 .. (thC' (,C:1 e!1!.pl.IVIllV. th,· 1100·,tl. 

produced nearly the ~ame prefcrn'd HHJF ,ulOm.ily lIlod,··, 01', dld tli<' 1,(,( 

mode 1. This is the !>econu noteworthv c()nclu~'don of OUI' tlll".!·. 1 hl"o\' 

whether they be posltlve or l1l'goltlVP TII.il 1:' Ilot to ',d'{ :11.11 :1I,·y 0111' 

all mid-Atlantic modes themselve~ ~)()IlI{, 01 t hl'III dl l'Ilot 

are the modes that may he faund 11lllll1jUIlctloil ''';)Ib 0111'/ (d rh, l'Il .. ·,,··. of 

mld-Atlantic events 

been studied through Idg-(Orn,Ltll(J\1 ·.t.III·.t)(· •.. ,', 'd!']] 

tionshlps between the Inalll mod(><, 1 hl·l!l·.t,] .!," •. oille! '.11'.1111 l' .1111 '.( '111('\1' (". 

havE' bl'en produced 

s Imllar 1 he REOF <lll.! l '/', 1 ~ Ir.(' t L"d 1 .. 1', • till'. 1,1"'Il ·.t," .... 11 'r, 1.. 'l'." t, 1 l ,II 

• 
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identifying the under1ying physical signals associated with 1arge-sca1e 

atmospheric anomalous circulations. 

As for the theories that have been proposed to exp1ain blacks, 

most, if not a11, rely on such severe simplifications of atmospheric dy

namics that it is difficult to extend them to more complete systems or 

ta observations However, several means have at the same time been pro-

duced by which data could be tested as to the re levance of a few of 

these theories. The hlgh-frequency (HF) transient forcing of Shutts 

(1983) has been chosen for our purpose. This is because, throughout 

Chapters 2 and 3, systematic differences in the modelled and observed HF 

transients were reflected in every persistent event statistlcs. In 

Chapter 4, an E-vectors diagnostic gives us the longer time-scale ten

dencies associated ta these synoptic time-scales. 

Making use of our REOF analysis results, we considered the compos

i tes of the onset, mature and demise phases of a particular type of 

event, namely the mid-Atlantic dipole blacks, as represented by the 

positive ATL2 REOF modes. These diagnostic calculations have shown that 

both the mode1 and the atmosphere display forcing fields that agree with 

Shutts, at least ln the onset and rature stages of the +ATL2 blacks. An 

interesting res\llt lS the change (or non-change) in the nature of the HF 

forcing (or of its individual components) as the composite event goes 

through its life-cycle Thus, as an example, both model and observed 

baroc1inic components grow, (or at least change thelr respective nature) 

toward the end of the event, in such fashion has to oppose or destroy 

it. This opposition is not observed at the onset of the event, when 

these components have a positive effect on the event's growth. Mullen 

(1987) only considers the complete events and thus only concludes as to 

the importance of the barotropic forc ing, a component we find to be con

sistent throughout the +ATL2 event life-cycle. Finally, note that even 

though there certain1y eXist other important forCings that apply to 

these events, we find that the ïfi tendencies due to the HF eddies are 

generally quite large6l . 

61 Such as to build the anomalies within a clay or two 
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As i t could have b(>('n pxpec ted, t hl' t. t rellgth~ ,ll1d wl'lIkll('!>I>(·... () 1 

each type of data, whether lt he mode l of oh~('rvIH l on ... , ·,l\ow ... t hrO\I~',l\ 

the resui ts we have oblal nec! in our l'11(1t'.1V01" 

tions, The data sets we hdV€' uSI'd S""1ll to h,IV(> I)l'I'II 1'1 thl'l' old (hut t'X 

tensive) or recent (but short) On tlll' OIW h .. lld, tlll' olllt'l' d.II:1 Il.!v .. 

given us very stable statistics, but some of tl)(' known dd il'ipl1l'll's (lI 

the data gathering systems responsible for tl1('l1" production ('.111 t\t'V('I" IH' 

remedied, These deficiencies C.ln event\l,llly Cd,>t <Jouin OVPI- 1 (',>,11 t t. 

that are obtained with this type of ddt.l On tlll' otlH'r h,lI1d. rll(' Ill'WPI-

sets have benefited from the better observing network<" .1<, Wl'Il d', frlllll 

the more approprlate analysls tools of the post -l'GGE V(,dr~, 

there 1S only as ot now a lun1ted IlUlllIH'I- rdt Il'.1',1 III tl'IIII', lit IJIIII' 

span) of these, when compared ta tlH' oIlle!' Ob.,I'I-Vdt 1011', 

As for the simulated data, lt al<,o !J,}!, 1 t S OWIl !it' toI p rob 1 ('Il1~ 

The most obvious is the presence of some bidses 111 tlH' !Ood!' 1 Clllll.llolo

gy. We have taken pains to point these out, as i ar ilS they <,{'('!OI'd n'I ('-

vant to our problem The model's low lt'vel oi tr;lll~lt!lll .IctlVltV, 01., 

weIl as its northward extension of the climatolo)~lC<d mid-AI 1.llll il' <,101'111 

track, are probably the aspects thdt wen' brouf,ht \lI> IIIO.,t f 1-('qUt'llt Iv 

Furthermore, these difference br. leen the ,malysc,> ,md <,JII1111<1t JOli cl!-

matologies have been cons1dered dt vvery :-.ou'p III our w()rk lIowI'VI·r. thl' 

s1mulated time-span ot thls data set, .'O ','(·.Irs, l', \('r!.lllll" ,.tH' ,,1 It L
, 

more interestlng qualities, as wl'll .1<, the ovpro111 V('I-.,. I~ood ,qJ,rl'f'1II1'1l1 

between the climatolog1es62 This p('rmitted thp !l',l' of vl'ry ',l'll'ct iv(' 

obJect-ive and 5tatistlcal technIques, t!'c!lIIJ 'lU('!> t h,n h,1I1 t () ht, 1 (·1 ,1> "d 

somewhat for some of the later obsprvatlolls 

fl2 This 1S certa1nlv true for th(· IJr',t-IIrdr'r ',fatl',f],'. 
mostlv concern the <,pconc!-()rr!pr '.t.!ll',: l", 
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This Appendix presents the method used to describe the original da

ta sets in terms of a simp1er set of fields, such as to retain as much 

as possible of the evo1utionary lnformation contained in the data. The 

basic data reduction is done with empirica1 orthogonal functions (EOFs). 

These functions have been widely used in meteoro1ogy in the past few 

years 50 that an in-depth derivation is not necessary at this time. In 

fact, we on1y go so far in this introduction as to be able to exp1ain 

the perticularities of the approach used in the analysis Both rea1 and 

cornplex EOFs are discussed. Once determined, a certain subset of the 

EOFs is rotated (producing REOFs) so that the space and time domain de

pendencies inherent in the EOF approach are minimized. Two rotation al

gorithms are used, the orthogonal VAR l MAX and oblique PROMAX. The rele

vant s trengths and weaknesses of these methods of analysis are pre

sented. The main references for this section are the fo11owing' Richman 

(1986) dea1s with real EOF models and especia1ly their rotations; 

Preisendorfer et al. (1981) present several statistical selection crite

ria for EOFs; and finally, Horel (1984) reviews the complex EOF models 

(CEOFs) and gives several interesting examp1es of the VARlMAX complex 

rotation (RCEOFs). They are referred to as R86, PZB and H84, respec

tively 

A.2 Real EDF models 

The basic equations and defini tions used throughout the Appendix 

and much of Chapter 3 are presented in this sub-section. Let us consid

er a (Nxn) data matrix Z = {Zij . l = 1, ... , N; J = 1, ... , n} where L 

indexes the cases and J indexes the variables. The case means have been 

previously removed from Z. Two va1id examples of the most wide1y used 

type of data matrix Z are the 50 kPa ~ time anomalies in our GCM climate 

simulation and the same data norma1ized by their timewlse root-mean

square (rms). The variables are then the 1/J values <lt different pOS1-
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tions and the cases consist of values dt di [[C'l"pnt t ill1l'S Wp cilll thi ... 

the time-var~ance approach. The ana1ysis cCluld a150 be c<lrried out with 

an alternate presentation where the C,I'!'P'!' con'espond ! 0 spat i<ll p0<,I' 

tions and the variables to dif[\?rin~) tlll\e>S We woult! (hl'I\ m.lkl' \I~.I' 01 

the space-var~ance approach It 15 intel"('~t11l1', to Ilote> th.!l Will'I\ hoth 

the case and variable IIIE'ans <ire re>mov('d .lt 1 ~w OIl[;C·t. 1 Ill' t wo .lppro.ll'hl'" 

give essentially ldcntical result~ 

in the sequel 

The real EOF model representationG3 oi WhlChwp c!t·llot(· tlV 0';,. 
is 

r 

z' 
1.J [ . ( ) t 1: a . 

lm .Jm 
= 1. . .V. J - 1. . Il. r~ Il ,A 1) 

m-l 

where f
Lm 

is called the Lth score of the mth prlncip.!l COll1pOIlI'lIt (\'1.) 

and 8.
jm 

is the corresponding loading iactor of that l'e on IIH' Jth V.lrl' 

able. The t superscript denotes the mdtrix t rant,po~(' The 1101'111.\ 1 i .:1·<1 

loading factors are the EOFs, · ... hich then IJ.l\,(, 11Illt (·.p.!lldll\' Int(·/',I.I' 

ted) variance Equation (A 1) becoIIIC''!' 

Z' (A .' 1 

in matrix notation. The (rowxco]umn) dllnen!>lon ... 0/ ,\ .Ille! !' .11'(' t Il''1I 

(IlXl') and (Nxr) , 

In practice, the EOFs are a 'iubt,C't I)f tlH' (·tp,PIIVr-clo)' of fhf' (Onl" 

latl0n or of the covariance data ll1atri~ 

(Z' Z)/N 

éind thev de pend on the s pee tt i e nd t 11 l't, 1) f r hl' , , 
·1; ) III mOI,! 

,p WIll 3150 be e i ther rhe t lmc> (OVd)' 1 ;l',CI' 01' '.p,l! t.1! ",'.'.1 1 1.11111' 1lI.1l 1 1 1 

dependlng on how trI(! ".ll'l.lbl{·s .. !Id (.1',1", .d'(· 1 (",1" ( t 1'( 1,' d. t Il,. d II.. 

factors ,. , ., , f' l }',(>t. 9 "'t f t (J: t) Il,II 1 1 l i' 1 l' d \ ,',' • LI 

square root oi their respectl':e lli;(~II','dlUl!" 1.1
1 

• l.e :.. e l l r. Lli ',' cl lue :, d l (, 
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in fact the amount of variance or the correlation percentage explained 

by the corresponding eigenvector. That is to say that the loading fac

tors matrix A carries the variance or correlation information contained 

in the right side of equation (A.2). The PC matrix is then defined by64 

F Z A (I/a.). 

This simply means that the PC matrix F is the normalized projection of 

the original data matrix Z onto the EDF matrix. 

If we now consider the alternate (covariance or correlation) matrix 

~' derived with Z' instead of Z, we find that with the previous defini

tions of A and F, the eigenvalues/eigenvectors of 4>' are precisely the 

ones selected by the EDF model of equation (A.l). In this sense, Z' is 

a filtered version of Z, the former retaining a selected portlon of the 

latter' s variance structure. 

Every variable is given the same weight in the calculation of the 

total variance. This may or may not be appropriate in certain circum

stances. When, for example, these variables represent a field in space, 

their respective importances should, in sorne fashion, be proportional to 

the area they represent. The total variance one attempts to explain 

with the EDF model is then the real spatiaLly-integrated value. There 

are at Least two methods to obtain this. One of them is to use an un-

derlying equal-area grid as in Barnston and Livezey (1987) The data 

genera11y have then to be interpolated to such a grid, since none of the 

widely-used data set make use of them. An easier alternative method is 

to pre-multiply the individual variables by the square root of their 

corresponding area weights. The matrix A will then contain the "real" 

weighted variance information. 

Th'": covariance matrix ~ is by construction positive definite and 

symmetric65 
50 that its eigenvalues are a11 positlve real numbers The 

64Throughout this Appendix, let it be understood that expressions of the 
type a.I stand for the (rxr) diagonal matrix such that (oI)mm = a.

i
"), • 

being the (rxr) identity matnx The same applies ta (I/a.) and Ja.l 
65Indeed, Xt.~X = xtztzx = (ZX)t(ZX) ~ 0, \j X, an arbltrarv column vector 

of djmension (nxl) If X lS chosen to be one of the eigenvectors of 
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SUIn of aIl eigenvalues is the trace of <f>. le the tor,d (or :-.p.1C(' Intl'

grated) space/time variance/correlation, dept:'nding 011 tlIP tvpt' of d.lI.1 

used ta bui Id <li. Agaln by construction, the EOFs d'-. ..... 1.'11 ,,'-. t Ill' l'Cs dl-P 

orthogonal. Also, because of their (qu.ldratic) dl'til\lllOI\, t IH' FOF!-. .ln' 

indeterminate to within a &lgn change 

These relationsh1ps can bt' !'ummarized in tl)(> {ollowlllg !-.t't of ('qUd

tians. 

A ï A _ al and 

N <1>' SaI ( _" ï ry , ) ( F A ( ) ( F 
1 A = A ~ 'J i..~ li - A . \ 

(1\ \ ) 

A (Ft p) al, 

50 that Ft F .vI .md A A 
r 

= <P' 

(, (, 
Most authors seem to lI&e the corre> Lit ion dpprodcll . 1 (. t ht'Y \l',t' 

the Zl) containing the original data divide>d hy tlwll' i III('W i '-.t' nll~ 

values, which then have unlt variance ln tlme '1lllt(' .Ip-

propriate when, for t'xample, the data conslst of 1~I'()P{)t('!ltiil! fit'!,b 

Then the correlatlon matrix 15 the only 011l' that ("li! contaln 11<,1'1\11 lll-

formation on patterns pxtf'nding over d wide latitudp b.llld Th(, ,lIlIP 11-

tude information itself i5 then l05t The COVarldTlCe of tlll' "t 1 ('0111111111l'-

tian tP is not affected by thh deficiency and its .lInpl ituc!P", Ill'Îllg di

rectly related to the tranSlent energies, mély be more lllt ('n",t llli', pltv<, 1 -

callv than the prevlous correlat1ons. Since the dolt.! "pt WI' Il',1' 1', 1'11'-

cisely this 1/J field. <P 15 here detined to!l(' Ua' «()VoIrldIH'C' 1II00tl1.-. JIll' 

factor loadings are then related to the varÏ.mc(", Ill' ,ilnplitlllj,··, of tilt, 

data and not to their correlations 

tors or their correspondinf, 1-:0[-,,, ,mri !'(s .In' 1',(!llI·rdll·; "Idc·n·" l,'; 1111' 

decreasing amount of variance they explaln, 

claled w1th the large~t ('lgenvdlue, (Il' thC' 'd'(olld l(Jr tIJ :h .. '.1"(>11<1 

largest, Il?, dnd <,0 fonh 

" ~.. , 
.OtE· tlldt '.' "" J .l. ; Il, 1', l f .1 1 ... f! ~ t !, l' 1 \ ' . ','\' . ·.f 
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The main interest in an EOF model is that it can be shown that it 

is the optimum fashion in which to reproduce the variance structure of a 

data set67 That is to say that a large percentage of the total vari

ance can be accounted for by a relatively smaU number of mutually or-

thogonal components. Furthermore, the goal of the EOF mode 1 ~s precise-

1y and on1y this: to obtain the sma11est set of funcClons that aIL to

gether explain the largest proportion of the total variance of a data 

set. This means that choosing r« n in equation (A.l) is a reasonab1y 

good approximation and in practicE', r is often chosen to be less than 

10% of n. No other orthogonal set of function will manage this as effi

ciently. 

There is an interes ting consequence to the EDF un~ci ty 

case and variable means have been removed prior ta processing, the CIme

variance and space-var iance approaches mentioned at the beginning of the 

Appendix will effective 1y commute. Then, up ta wi thin a multiplicative 

constant. the PCs of one approach are the EOFs of the other, and vice 

versa. 

There is no a priorI phys ica1 meaning ta the EOF patterns and no 

reason either that there shou1d be, in general, any such physica1 me él' 

ning. There are in fact severa1 problems inherent in any endeavor to 

assigning such meaning ta specifie EOFs. R86 discusses a few of these 

prob1ems. We brief1y present sorne of the most important 

67 

1) l t turns out that the shape and size of the space domam on 
which the EOFs are defined may impose a certain predictable pat
tern progression ta the EDFs themse1ves, this being essentla1ly 
due ta their spatial orthogonali ty constramt. R86 calls these 
domal.n shape dependence and sub- domalll stabll i tv, respectlve 1y 
A good para1lel ta this situatlon is the shape progression evi
dent in most complete basls set of funetions 5uch as the 
Legendre polynomla1s on the real interval [-1. +1) or comp1ex ex
ponentials on the unlt circle The EOFs can Indeed be consldered 
as another basls set ,vith which to opcLlllall,- repre5E'nt a tleld on 
a specifle domain. An enlightenlng example of the 5l'cono problem 
is given by R86 where halving the domain produced two new sets of 

See, for example, Chapter 8 of ~Iorrison (1976), .... ·here the model 1!1 

derived using the fact that edch successive EOF eXplilll1S a ITIaXlmwn of 
the residual variance 
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EOFs. the union of winch had VPl'V Ilttl,' 10 do wlth [Ill' <,t,t d", 
rived on the full dom,lln 

2) The f'xtent of the timE' domdln 1:, lu.plf ill1pon.lIIl HII Iv i Ill'. 
the time series Cdll ,l1so produce [W() v,'rv difft'r.'111 '01'['. (lI 1'1:', 

This is related tü the ,lsvmptotic ('OIlV('q',,'IICl' Idt., 01 tlH' l'l', •. 
which can be fairly ~.low ln cerLIIIl l' lICll/lIl>l i1IlC(>! •• "!,!H'cIIIIIv 
when the rea.l eigenvalu.>s turn out \0 Ill' v{'rv cio: ... lo 01H' .muth
er, the PCs may not converge dl .Ill 

On the other h.llH! tlH're l'X1Sl cprl.llll 'dtU.ltldll'o wh .. r\' tll(' l.OF! • .III' 

preclsely the Ilonna 1 mati!',> ot r h,' pIlV,.lC.11 '.\",1111\ llIHII'1 " t lld ... 

~jorth (1984) "how'!' th.!t thi" I~ the Col<,,' lClr ',"''otl'II\'" !"tlVI'IIlt'd Il\! 1 1111'.11 

Hennitian oprratol''!', dri\"(,rl Ilv ... toCh.!btll' If)r, 1111'.'( 111110111,1,,[1,11 III ',Pol'" 

and t lffie <)mith \1')137) ,,~:t(,I1c1~, tlll' rl':,1I1t 10 11111'<11 1I()1I-III'IIIlI[I.1I1 "p" 

rJtors (WhlCh ltH.:ludl.· d,lI11PI.'d '.V<,tl'lII!,) ill' 1",'0'1\ ''',[.d,ll'.Il,·, '11\.1\11 \1' 

Litlonsillps !JrtWf'E'!1 LOI'S dlHI .\ "t III ',lll'.ht 1 ... 11101.' \',''11''1.11 ·.• .... t.·lII··. 11"1 

mal modes. through lt '> COVdl' 1.1 Ilt· (' dlld (()',p,., [LI 

The rC'léltlons belw('('!1 1.01'" <111<1 tll(' IH'IIIl.i1 !IIod.", ,d d ','l',tllll 0111' III 

tprestlng but tt III.!)' !lot IlP pO,,:'lbl(, to ,·',(,dl! l',h '.\1\111.11 Il' Id! lOI\·.ldl'" 

li\!' l,II r ·01 ,1 . .1'1111 '" 1111I"rllll III tIlt' 

J "1 1 Ill"'" 

the first 011(', <,e['m~ tHlddv!'"d)lp l'I\l' lIIod,,) (dll '.1 II) I,l' ':''l'{ ('/ fi 

'IPntlv u'->l·d 01'> .ln OP! Imlllll bd'.1', ',l't, 111',1".1<1 'd (JI III 1 ::.111" ,1 .. ·.·,). ,d 

1 -.pan:-'IOIl'-> '.: . li It . \ ... "J' 

1 Il t 1« 1 tIf cl il if' : •• 

RH6 ,llld lIon·1 Il'HlI; l'n'I'()'''' 'lldt :!II' 1'1)', l"~ .... h' 1 1 (l'Ilt' 

!Jdck ta '""rla! :111', .'(·dll·, .dl'·1 dl'.llj·,·,l;.,· '1.' f,I,)' J" i /'1', li ,1 

A 3 Cornplex EOF models 
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travelling sine wave is treated. 

Examp1e 1. Let us consider che continuous case 50 that we now have 

z(x,t) = sin( kx - wC ) . The symme tric covariance matrix ~ becomes 

1 

J 
27r 

~( X, y) = sln( kx - wc) sin ( ky - wC ) dt 
2 7r 0 

1 
cos k( Y - x ) , 

2 

50 that the eigenvalue problem then reduces ta finding 

( ct, q ( y )) pairs such that 

J 
21t'" 

cos k( y - x ) 
o 

q( y ) dy cc q( x ) , v X € [ O. 27rJ. 

Clearly, the only two such functions are then ql (y)=l/j7r Sln( kv ) 

and q'2 (y)=l/J7r cos( ky ). These two EOFs explain the same amount 

of variance, 7r/2, but they are in quadrature. The PC corresponding 

ta the EOFs c learly shows the link between the two components. 

This is a very simple situation where the two patterns are evident-

1y linked to one another. 

The fo11owing can even be used as a fairly good guide' 5 i tuations 

where two EOFs approximate 1y explaln the same amount of variance dnd 

display this type of quadrature re1atlOnship are probably the signal of 

sorne travelling (or at least not evolving ln SltU) event and the two 

EOFs shouid chen be linked. There are obviously ather cases where the 

two extreme patterns may not be sa easily Ilnked, more so when qUlte Ci 

few companents are retained as will invariably happen in our climate da

ta. There is thus a need to he i1ble to reliably identify the standIng 

as well as the travelling patterns 

means to do this. 

The complex EOF mode l provides <1 

In this new case. the origlnal data set ts transformed 50 chat Uw 

covariance matrix not only contains the amplitude lnfonnation but ,1150 
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the phase information, W11dt is 11l'cded 1~ d qll.Hlrdtllll· Im.iI'," 01 tll<' Il.1-

ta, A Hilbert transform provides tor l u~t that 'J IH> i dl' a 1 Il 1 1Ilt' l't 

transform wlll Introduce no dmplitude cha!lp,e but will '.hite l'dell ot thl' 

spectral time componcnts bv rr/:! 

transform of z 1) then 

Now, !>uppo!>C' th;lt '";1/1" thl' Ililb"lt 

z 1 Z 
1.1 1.1 

can be used to deflne d IH'W t'ompll';" eOV.IIl.l!H'1' 

( (Ze ) t ) ,;- ... ,(' 
,. 

the asterlsk denot l tlg comp 1 t''(: <'011 J ugd li on l'rolll Ihl'II (Ill, 1 Ill' ,'olllpJt'l-: 

procedure parallcls the real edSl' 'f> 1', 110W Ilt'nult 10111 IIl',II'dt! 01 ',YIII 

metric This matrtx 1'-, still pOblt iv/' dl'! inll" dlld w(' ,q',dlll Il,1\'1' ,1 '.t·t 

l'lH' l\llld.IIllI'llt,d <l11!I'II'llll' l', Ih,i1 

their corre5pondJnf, ('lgenlullctl0!l'-" dS w('ll 01'> thl'lr ClWIl ,,',',ol'),ltl'd 1'("" 

are now complex, the rl'al ,lIld il1ldguldrv fll·1ll<, }lIOVldllll'. tOI tilt' IWO p', 

treme situations of tlH' (p0'-,!>ll>lv) 1 I".lv(,l 1 1111'. p.dll'Ill" :~o t l' 1 Il .. t 

standing pattern!> ,Ire then Ch.lLlctf'rl;ced Ilv thp 1-1,,11 011111 lllJ.lf',IIl.lI-Y l'dl t" 

ot the CEOF bpi!\f, (·qu.li to wUlnl1 d rl'ill Illldt Ip11' ,1\ I\'I' 'Oll',toln! Ih" 

data reconstruction ('quat Ion (A ) ! !I('n !H't"OIIlI", 

z Ne'! 1 ( ;() - 1<1',) 1 [ rI A {J 1 1\ ,,) 

c' omp 1 (;.: F rlId trI;': l', .. 
• '1 

lJecome~ d ph30,(' 11Hlt· II r:;;llldl'/ III 1 hl' 1 I.IJI '" t "1 1 . ,II 1 1 ... 1" '",1111' r ",j',c)1l 

Example 2 1\', ,in (,:· .• llilP l" Clf 1 1 (JI'", ',;,. l'" <11\',1 d" 1 t 1\1' II ,.,.' l ,,1\', 1101 

'If> l1111f, ',111(> '';<1'/(' (01',(> • ... ·1' 'Nil J T,I,'N t 1 fit! "Ill ',' corll' ,i 1',I'rd 11111 t 11111 • 

; Il !.,,! 1"11<1111)', t III 

.' .. ' - .' 1 i.· 

... t 1 t l { ". l'·: . (l', r \ . i,- l 

, ~ , (. 'r () l- r , 
- " r i l t (1 • l,,· 1 f) 1 l , 



1 

Methodology 

138 

sponding unique eigenvalue is Cl = 2'1f. Notice that information on the 

spatial and temporal phases (and phase speeds) is now directly availa

ble ~rom the CEOF model. 

It should be noted that al! of the problems discussed in the case 

of real data carry over ta the complex case, sa that here again a sup

plementary analysis step ~s required before any interpretation of the 

results is attempted. Luckily, as we shall see, the main rotation algo-

rithms can also be adapted to the CEOFs 

The on1y aspect of a11 this not covered completely in H84 deals 

wi th the complexification of the original data. Let us cons ider a Fou

rier expansion of the original data so that 

~ 
Z ~j ~ L ak(j) cas( ",-,r .:./N ) + bk(j) sw( 21rlk/N) , ~ 

k=-N/2 

The analytic Hilbert transform of Zij is then 

,.,./2 

z1.J [bk(j) cas( 21r1.kjN ) - 8k(j) s1.n( 21r1.kjN ) , ~ 
k=-N/2 

1.2, . N 

1,2. . N 

It is thus quite possible ta construct 2ij from the Fourier trans

form of the Zij' Barnett (1983) does not recommend this procedure be

cause of sorne of the problems in doing Fourier analysis on short (sam

pling) and/or noisy and/or discontinuous (Gibbs phenomenon) data sets 

Rather, he proposes the use of one of a family of digital Chebychev fil

ters 68 . The main advantage of these fllters is the fo11owing. Their 

amplitude respanse is very flat for the greater part of the frequency 

spectrum, even in the case of low arder filters of this type, l e fil-

ters making use of a relatively small number of pOl.nts. In addition, 

the same low order fil ters can still produce sharp frequency cutoffs. 

especlally when compared :::0 the more c lassical tapered fil ters. The 

only remaining problem is that We now have ta operate on the original 

data as well, but with a second fUter. one having as close as possible 

ta the same amplitude response as the digital fUter, but producl.ng no 

68 See Hermann (1969) 
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phase shift This lS 50 that the re,11 .lI1d îllhlf,ill.l'"v p.lrt~ ot ;:JJ 

nearly analytic Hilbert transfonns of olle ,1Ilother \.Jl' IWW di~c\ls!> how 

this second filter C.ln Iw bullt t,"om tlll' tlr.st Clwbvcht'v tIlt<'1" 

b9 Suppose that tlw coeUiclt:'nts ni tlll' (_lX"}) lI11bcrt filtl'r .l'"P 

the 

fine 

;0 antl-svmmptrlc 

_'K ,1 

z L~ 1 J 

k=-lX+l 

h, 
t\. 

1 ( 'K, 1) '.(l t !J.iI 

" ( l f"' k - ) ) 1 

Wl' (' ,Ill 

pOints are lost at each l'nd (lf the tllnt> ~('I'IPS :·lorc·ovf'r. therp ~till 

is a trade-off between the .sharpness of tlH' l "('qUl'IlCY l'lit -ot f .lIld this 

number of lost data pOints 

the sectlon 

Let us first conslder the transi('r fUl1ctloll [Ilil.u.) III thl~, 111"st 

fi 1 ter il, where the frequency w ~üe!> 1 rom -If t (j 11 rh 1... 1 \Ill C t 1 () Il 1', 

simply the response obtalned bv .lpplylng the f 11re'1" to d ',jmpl(' complpx 

l '.ponentlal function, L t! 

Tr(h.w) 

k=,lK-+l 

kw 
.;:: 1 ~ t-" 

'lkw 
!J

k 
t' 

A plot 01 the amplitude of 

r: 

".' 1). Il.'k _ 1 ',Ill ("'k -] )w 

1<-1 

t 1 III ( t 1 (Ill . t (l 1" li . W • If / .) , 

can be found ln Flg Al (Jull (1lI"lP). for litt' (<1'.1' · ... h(·r€' .':-11) 

that, as we can see tram the previous ,·xpn><.':.lon, tlil', t 1'.111',1(,," fUllet 1011 

15 symmetrlc J.bout w-Ifj.J. ',n that It dgdlll ;',OPS tfi .,(.,'f) dl 11 • .Ille! II l', 

.1150 antl- ':>vmmetrl C ,!l)(Jllt. ..J~II '>1n«- flll' 11It(·!" ·.,JI· •• (t .... ·.llo1l1d 1I0! pro-

'lCJ . \gtlln. C")f;P Hprrnarln 1 l'4(j(4 l 

r\otp t ha ~ n l '. ~ () .. llcl : . 
... 1\ ~~ 

: (JI •. itl1 j fJ Il! ( (jf t f : t : C llr', 

, , 
r 
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The derivative of Tr(h,w) with respect to w seems to have sorne of the 

properties we want the transfer function of our second fil ter to dis-

play It is indeed quite flat, if maybe not quite as flat as Tr(h,w), 

over much of the same spectrum range and it 1s a synunetr~c function. 

But, notice that its amplitude value at zero frequency is at a maximum 

instead of at a minimwlI. To correct this, we normalize this derivative 

by ies value at zero frequenc; and subtract the new funct~on from unity. 

The result is ~till 5ymmetr~c, still qu~te flat but i5 now at a rnin~mum 

at zero frequency The ampl~tude of this final [unctlon 15 the second 

(dashed) curve found in Fig Al 

transfer funct~on Tr(s,w) 

Tr(s.w) 
-lkw 

e 

t,11at \"e now have is the fol1ow~ng 

K-1 
~ 

L 
k=l 

2s", _K 
cos ]kw . 

This lS then the transfer functlon of a syrnrnetrlc 7l fil ter. the 

coefficients (sa' 52k' k=1. ,K-1) of ,oJhich are then defined, in ac-

cordance ta the precedin~ discusslon, ln the following fashlon 

(2k+1) 

Sum 
5 ' o 1 + 50 and Sum 

K -1 

2 [ (2k+l) h2k+1 
k=O 

Ta recapitulate. the norrnalized derivative of the transfer function 

of the origlnal Chebychev filter is the transfer functlon of this second 

one. Now, Slnce it ~s symmetric and positlve definlte, the Ilew [lIter 

does not produce phase shlfts and its output 1S such chat it forms an 

Hilbert transforrn pair with the output of the first fil ter 

In any event, the responses of these two filters are dependent on 

the nurnber of pOlnts we can afford to loose. The two filters presented 

in Fig. Al would cost 2x(2K-l)=38 timesteps if we chose to use thern To 

place this lnto a more practical context, this cast can ~ndeed be con

sidered qUlte small lf, for exemple. we lntend ta apply thcse tiltcrs ta 

our model data set, which cantains close to 10000 time sarnples (l e 20 

simulated years) On tlle other hand, thelr frequcncy cutoffs cire sucn 

71 Note also that s(~k+1) = 0 . 
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that pcriods longer than 19 .!lld .).) d.IV',. l ''!'l',.,' t 1 \",1 v, '"tlul d t hl'II }lI' 

mlsslng (in part Of ln full) 111 t lw l,'sult III!', ll'dl 1 llldr, 1 Ild l'V P,II t " 

of the new1y constructed cOlnpl .. '. li.!t.! :\ 1,..1 \o:l' ...... Ill t 

perslstent 3tmospht>ric dnd lI1odt>ll,'d plll'llOJ!lI'II.I •• 11l IJ!lpll' 1 t IllW,ll'l'qU\'lll'V 

fi1terlng of this (JI'der l~ no. dt ,il 1 dc('\'pt.ilJll· 'l'l\(. .lInp II t IIdl' l',,,,, 

panses of thesb two l'cal .IIld IJn3!,.llloirv tlltl'r! •. Olll'(' th"v h.lVl' l''dchl,t! 

unit y, dev13te from lt b'l o1!lv tllrl'" oIlld O1!t· 1'1'P'l'lIt, Il'''P''l'll\·,'lv 

Il''llllolllll 

(1969) glVE:'S thE:' f!ltv!' LOt·t[IC1,lIt III ot '-'1 dl' 1.1111'.1' 01 IItllll'lt lilter!. 

The (K = ~5) fllter lS LIll' hlr.hl",t 1',l.ldl' \",1111', th l', 

fllter dnd lts correspolldlll); 1"'.11 flill'r, ' .... t· 'oLiIle! to I()II·.'· .1 toLl! il! 

~J'69 timestE'ps. bur the lO'N-tn'qUt'llcv Illt .. l'llll', IIllW ',top' .. 11 IlIIlll" toi .. , 

l'able) p"'l'iods ot H, .Inti ,,1 d,lV'> lOI' th.· I,·,d "lId 11J!.11·,IIl,II'.' l',tll', ,d th" 

:node1led comple:-.. d,ltd. 1,·!,Pl'l tl', l' :lll 'jt.' t ' .... () 111''vw' ! 1 1: l'f', 011 (' .1 '.(l t ..... ,) 

orders of maR,111LUde fLJttl!r tl."11 ;\i"lr ", 11)} ([)\llIlt·ll'oIll'. 

A.4 An EOF selection rule 

By their '.'erv nature, rhl> hlFher ord(·r !I)!"" IhO'oI' ",pl.,lnllll', "'1'1'1 

little of the tot,l1 'Jdl'L1!lCe, t.ud lu oIcqultl' II()l'.,·,II~l' t',dlll(", .11.11 

:hey or thell' .l~SOcldted Pr: II1d\' :11<1"1<1 Ilt' Illdl·,tllll·,lll',II,t1d,· tl'"11 1.11ld"I.I 

"Il 'f (il', : (JI 

',j 1.1 !l'.lt 1"11 ,l. l ". 1 of 1 :.at mattpr) COIlt,dIlIIlP, ',I.·lIltl •. t!lt 

n(1C crlterLl thdt .Ittlll1Pt :'J d" :!,l', 'l,. ',Il' l':' 'l l ,,'.:,,:, ': l', lllllt 

· ... herebv .my LuF l· .• pldlltlll'~ li',', 'lt,1I1 '1.,. 

dual "al'ldhlf' l', dr()l'p,·d. l, 'd,. " ';,fI',. 1 () IIi' : , • : If 1 

. lit II 

, 1 : l f .! l j t 1 ~ !. . 1 l ,1 ; 1 l ' j lit.,,' 1 • 

sa'i {4()';; (JI· 14 ),;, (,l :~l(' ~(/r(11 
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sumption made in the first one, the Dom~nant-Var~ance Rules, is that a 

non-randorn signal will account for a larger proportion of variance than 

will a random one. The eigenvalue curve will then show sorne kind of a 

break when one type of behavior stops and the other starts This turns 

out to be a much more severe or r1gorous set of rules than the Guttman 

criterion, even though what the user is given by bath is essentia1ly a 

cutoff value. 

The second set of selection rules, the Time-Hlstory SelectIon 

Rules, assumes that the time behavior should be tested instead of the 

variance. From PZB, pp. 112 

"(. .) it is not è!Oough to look only at the variance of the data 
set, sorne exam1natlon of the time variations producing the var1-
ance must be made; for ~t is possible that somewhere in all the 
fury that signifies nothing, there may be a q\:llet voice that is 
saying something informatlve. ( .. ')" 

Indeed, we see no obvious reason why the (EOF or CEOF) model components 

containing phys1cal infoi:rnation have to explain the largest amount of 

total variance 

Some type of random behavior is selected and the EOFs or PCs, de

pending on which carries the time dependencies, are then tested against 

thern Let us assume henceforth that the PCs are to be tested. PZB ge-

nerally suppose the i r randùrn fun' to be whi te noise processes, but we 

have also assurned them to be red noise ln certain cases discussed in 

Chapter 3 

Iole use PZB's select10n Rule Q, modified according to their own sug

gestion. The follow1ng paragraphs present sorne of the theoretical basis 

for this selection rule. The rule assumes that a PC can be separated as 

f (c) = \ Ct) + E I.e), where Ç' (t) lS the tphysical part of the) slgnal 
;'1 '11"" m 

und tm\.[) lS white noise drawn from il (,3USSlan :,(0.1) for eil.ch ~ Th1~ 

rule lS applied wlth the null hvpothesis that {..,U) i::. ltself a randorn 

sample from a one duuenslonal Gausslan pOlJulation. there lS no 

~physlcal) Signal Under this hypothesis, the senal corre1atlon func-

tlon r.,(2) of t.",t) wlll be dlstrlbuted in a known fa~lllon ~n fact. if 
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" 
r ( Q ) = 

:TI 

then, the rrn ( i ), 2' - 1, , k • ... S rurll \lut to ht' Il11COITl·l.lIP!l dlHl 

Q .v ('/+.?) 
m m 

, , 

is Jpproxlmate1y dlstl"lbutc·d .IS .1 \ -".ll"l.!!" WI!I! k d"!',lt"", <lI In't'dol1\ 

This [01101015 tram the tact thdt, tnr .dl i'r.!c!H,d \"1!l)()"'''' .I11<! 11Ild,'l 

the null hvpothe~ls. r m(2) 1<, llonn,illv <!u,tnilult'd wltll .:1'/0 Ifll'.I1l .illl! 

approximate 72 Varlance liN if On! l', ~,uttlt'ielltlv 1.11')',1', flll' ll11dt'l-lvillf, 

PC is deemed to d15plav un-r.lIldom Ch,Il-,ICl('rl',I\(". ,IIHI 11U' mil 1 !wpollH'-

sis is then reJected 

waln 

This 5clection algorlthm c.ln bl' l'.I'-,11'1 •• d'iJlIl'c! ln tlt.· (fllllpll'x do 

If a complex. PC <llspla'{<, rllldomlJl'hdVlor. Ol\t· III IlI)th 'd 11',1011\-

ponents, thE' rea1 and lInaglnary, ',JIll ,dso do '.n 1111' IlIIHl'dult, will 

thf'n test the5e l.ltter "(·par.ltPI? dlld rllf' l1ull !J'/J!0rIH".I·, Il .. ·. :" hl' Il' 

jected for both ot theUJ ln ord('1 for :11(' pi: ro 1", Iltdlllt'cl !I)r !\1IIIiI'1 

,malys 15 
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A.S EOF (or CEOF) rotations 

It is probably worthwhile to recapitulate sorne of the mate rial co

vered up to now in this appendix. We have seen that the EOFs or their 

associated factor loadings are the most efficient basis to represent the 

variance contained in a data set. On the other hand, those same patterns 

are nothing more than a basis set. lt is usually quite inappropriate to 

assign physical meanings to any of the individual fields in that set, 

except maybe in a limited way, to the first one 73 As an example of the 

problems inherent in this endeavor, let us just mention that the mutual 

orthogonality constraints, imposed by the EOF model on both the pes and 

the EOF themsel ves, ensures that the varlable patterns display quasi· 

predictable shape progressions. Several other problems have also been 

noted. It may still be tempting to use the eigenfunctions in sorne kind 

of physical lnterpretation. 'When would this be possible? We generally 

hope that the physlcally understandable structures underlying the va

riance of the data set are ln some fashion simple ones. And also, that 

there are a l imi ted number of them When these two conditions hold, 

there may be st 3.tlst ical techniques whereby the researcher can obtain 

the desired simple structures from an equally limited set of EOFs. 

With this in mind, let us consider the review article of R86 where 

the author discusses in sorne detail EOF rotations, their underlying the

ory and applications. H84 does not go as deeply, limi ting himself to 

the more widely used VARlMAX algonthm, but he extends rotations to the 

cornplex models Fortunately, his example lS sufficlently comprehensive 

that it can be used to adapt other (perhaps more approprlate) rotation 

algorithms from the real to the complex realrn We will proceed ta dis-

cuss (agaln briefly) the basic assumptions behind rotations. their 

strengths and sorne of their pitfalls, especially as they relate to the 

algorithrns we use. 

The basic assurnption made in this type of analysis is that there 

exist, 
""14 

contained ln the data, some sImple structures' , a combinatlon of 

73As it is the only one not constralned bv anv orthogonalltv con
straints. 
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which manages to explain a great deal of the total V.lrlance t\ !-i('COl1tl 

assurnption lS that the se structures can be obtained by linearly combl

ning a subset of the loading factors derlved from the covariance mdtrl~ 

of the data set. The total variance expL1ined by the ~,et of Illodi fled 

functions is constrained to be the same dS that ot the onginal t,et of 

empirical functlons The loading factors LIre thus used as the odf,in,Jl 

basis set with WhlCh to re-construct ttH' physlcai .sIgnal cont,1ilH'd III 

the slmple structures 

From the preceding paragraph, lt may dlreddv be ('vident that t1H' 

loadlng factor selection prlnclples .Jre criticnl to tIns sunplifYlllg 

process. If functions containing \'C'ry l ittle "phYS1C,,1" infonnat lon .In' 

retained at the selection step, the variance they C'xplalll Will bp t,pn'.Id 

out over a wide range of new .structures, masklng their <,implicltv III 

the present context, l'emembering the dlScussion on the I·.OF "pl l'et iOll 

rules in a prevlous .section, we seek non-[.Jndom SignaIs TIlt' phvsic,d 

events in which we are interested are lndeed known to )w st rongi V 

persistent. For the se l'easons, it is quite out of the que&tion lo \J~e 

the complete EOF set. and sorne prel1minary .selection aigorith!ll!> hdV(' ln 

be employed, such as those already discussed. 

Let us now reconsider the EOF model ot pquation (A.2) dllCl how It 

can be modified whlle still retillning its Intonnatlol1é11 conlt'1l1 1 lit' n' 

are in fact an lnflnlty of other (F,A) pdlr'i ',all'if'llllr', thl', 11l()(kl • <jll,j

tlon Indeed, lèt T be anv non-!:,llli~uLil- (l-'r) IIIdlrJ:~ lotlt'Il l,ill.·.! d 

rotation) Then, lf we deflne A-AT ,:md j;=FI7 1 ) -1. IIH'I1 

(Tt) - 1 
,. t (/ 

, 
r 

1 
"' , F 

.,..c 
l' 

- , 
1 '-- , .1 - ( ( Il 1 .. 1 

and ,,150 1,\ " ) 

1>' A S A 
t 

= 

W'hen r l~ IlOnnd Il ,:('d 1 Il d 11Idl1!It'r ',11( li 1 li.! 1 .)11' dl .1)'.0 

--
nal elpments of', dfl' ,.Il (H}(~',. '1.1' ;,ltt.! 11I.l!fl. 1'. ln t,il 1 'l,., '''111' 

• f" ~. l ,( J ! : l " 1 1) i) f (1 ,1 • ..' l , t f, 'f 

r;t-'OJTIt'trlc ,fltlrl(l .() :1{·1;) tT.'.llf' ·~,.I~ '!t· f,f''; ·,·r'l{t'lJf', 1,1' 1:(lr, 

j'dSl1',' Inff'fpr(·lablt· 
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native principal components. In the case of the original EDF model, 

this correlation matrix is the identity matrix and the last expression 

in (A.5) is then the rotated equivalent to the last expression of equa-

tion (A.3) Using the matrix S, we can derive a general expression for 

the variance accounted by the new rotated components, 1. e by the co

lumns of A. Indeed, it can be very easily shown that 

Trace( ~') = Trace( At (A S) ) 

and that the diagonal elements of the right-hand matrix are in fact the 

contributions of the individual components to the total variance io.'hen 

S is the identity matrix, the rotated components are orthogonal and the 

total variance is then the sum of the individual variances. 

These new matrlx expressions. A and F. contain the same information 

as the original EDF model and indeed, can be used to represent the data 

as efficiently as the original A and F matrices. What distinguishes the 

new model from the old? The first point is that the orlginal model com

ponents are indeed unique, but only in that bath the principal compo

nents and loading factors form orthogonal sets, l.e. A and Fare two or

thogonal matrices This means that the different PCs and EDFs are mutu

ally un-correlated. This property is not preserved by any of the non

trivial T transformations, as the A matrix is then no longer orthogo

na1 75 Sorne form of orthogonality is preserved when T is Itself ortho

gonal. as the F matrix then remains orthogonal, so that the new PCs are 

still un-correlated. We have already discussed how the orthogonality 

inherent to the EDF model hinders its interpretability In view of 

this, the 1055 of this property may be qui te acceptable, and perhaps 

even desirable. A is called either the PC load~ng matr~x or the pr~marv 

pattern matr~x depending on whether T is orthogonal or not. 

The second pOlnt is that the transformations T can be chosen such 

as to provide an algebrajc approxlmation to the classlc s~mple structu

res criterion set, ~ e the A matrix is somehow simpler than the origi-

-t- t t 75Since A A = (AT) AT = T 
diagonal (rxr) matrices. dS 

(QI) T ... 131. where both QI 
in equation (A 3). 

and 131 are 
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nal A. RB6 examines several packag,ed algorithm~ thdl do Just rhat Ile 

shows that all of them work qUlte satisfactori ly when !:>trong simple 

structures are inbedded in the data, but that the non-orthogonal, i l' 

oblique, packages will consistently give more relidble answers than the 

orthogona1 76 ones. The reliability of all of the packRges i5 reduced in 

the cases when the strength of the structures is either moderate or 

weak. In the moderate cases, it turns out that only the oblique ,dgo-

rlthms still provide useful answers. Finally, in the wedk Cil!:>es, 110lll' 

of the rotation packages perform weIL and rotation should !lot rpally 1)(' 

considered when one has reasons to believe that this situaLlon prevails 

In the cases of interest to us, that of 1Il0derate to t-.tl'ong p('rsistpnt 

events, this latter should not occur. 

There is an obvious question that ha~ not ypt bC(,11 constdC'red .lI1d 

that is "What then is a simple structure?" Let us now do !:>o 

first (and useful) approx~mation, simpler here lIlednS morC' l'egionnl ln 

the case of the spatial EOFs produced by the Clme -variance .Ipproach, 

this will indicate that the algorithms ~earch [or d combinatlon of re

gional patterns explalnlng most of the time variance ov('r t Ill' i 1- 111ni tpd 

geographical area. When, for example, the ca~es and vdl'i.i1)!p!:> consist 

of the monthly means of the 50 kPa streamtunctlol1!:>, the rot .ILl·d EOF!-. 

bear a striking resemblance to the 50 callcd tcleconnect iOll p,llt{'rnt-., d~ 

documented by Horel (1981) A prob 1(;10 llldy nccur wlwn ',Olllt· () f t Il(' rea 1 

underlying features, the anes "hidden" ln the ddLl, (':{!('Ild ov('l' tlll' 

whole space dom,nn The rotation~ mùy lhen dllt'Jllpt t Cl 1 ('pn'!,l'lIl t hl' 

full pattern lnto a few recognizable but disjoint !,ub-p.lltPrtl!:> 

An alternatlve approach i~ to rotate the EOFs of tlw "P;Kl'-V.Jrl(Jll(,(, 

approach. These are then timewbe EOFs obtained by l-epL.Jcifl8 the Z ma-

trix by its transpose z"_zt in equation CA 2) The tran"tonndtion will 

output patterns that .Ire lsolau·d in tune! rath('r thdll l'.(]ldt,.d III '.pdCl· 

The associated tran~formcd PCs contaln Ihe <,Pdtl,il rli<,trlbutIOll', .lIld 

these latter are no loneer cOll~trained t 0 1H' J'('r.;lCllldl 

t'lpe ot rotatlon". :.IHJu",h, thf"f Inol" ',Ill! I,l ",II!I1"!! (JI t hOI',OII"!. III 

'6 
J The only orthogonal trall',fonndllon rl'LIIrIf'd 1)" PH') l'. tll(' IIJO',t Wl<1I'I', 

used VARIMAX 
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which case interpretation can still prove to be difficult. Again, this 

is not the case with oblique transformations. As an example, with data 

consisting of (timewise) persistent events, the rotated PCs could then 

reproduce the several normalized77 types of events. 

There is yet another aspect of sImple structures analysis that 

needs ta be stressed. The fewer patterns that are important locally (in 

time or in space, depending on the nature of the EOF model) , the better. 

IdeaJly, a single pattern would explain nearly al1 of the var~ance over 

its specifie space/time region. A s~tuat~on where several regional pat

terns are necessary to explain this var~ance is by definition not a sim

ple one and the hypothes~s under which the rotation algorithms operate 

does not really hold The validity of the results is then open to ques-

tion. Either another type of transformat~on lS required or no transfor-

mation should be attempted. In view of thl.s, care has to be taken to 

check the extent ta which the transformed ddta conform ta a certain 

ideal of simplicity. That is why R86 suggests that all of the primary 

patterns (or loading factors) be examined in pairwise graphical fashion, 

using scatter plots of one primary pattern versus another. The coordin

ates of the points contained in each plot are then the amplitudes of the 

patterns that we want ta compare, and each point in tùrn corresponds to 

an individual variable. 

One is then able ta establish the extent ta WhlCh the variau1es 

proJect on more than one pattern, I.e the~r simpliciCy or lack thereof 

As more or fewer of the points tend to gather along one of the axes of 

the scatter plots, the transformation can a1so be deemed more or less 

successful Conversely, plots presenting thinly spread out clouds of 

points are the sign that the rotation did not succeed in ~dent~fy~ng the 

possible sImple structures. In the latter case, the effect of the 

transformation may not be any different from applying any other randomly 

chosen matrix T to the original loading factor matr~x A 

Everything we have sa far stated w~th respect ta the rotation 01 

77Indeed, the surface mean of each PC is then constrained, by construc
tion, ta he one 
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real loading factors also applies to their complex cqllivalellt. 1184 gives 

indications on how to modify the (VARII1AX) IMSL source routine OFROTA 50 

that it works in the complex realm. This 15 d [airly &imple tdsk dS the 

routine l'ssentially maxlmizes il quantity depending only on t hl> &quared 

amplitudes of the rotated loading f,",ctors The trallsformdtlon lIlatri:'" 

remains real Since the transformation output of the l'A~II1AX <llgorl thm 

is orthogonal, we may wish ta use another (oblique) transformdtion R86 

establishes that the better of the real domain packaged ror-at ions spem& 

ta be the (PROMAX. K=2 or 4) algorithm This 15 done hy the IMSL ,Source 

routine OFPROT Here again the modificatIons [rom the real to the com-

plex cases are fairly straightforward, and we discuss them next 

The na me FROMAX cornes from the fact that the mcthod llbPS il mixture 

of FROcrustes target rotatIon and one of the more common orthogonal ro-

tations, for example, varll1AX or equil1A~ The po int IS that the orthog-

anal rotation (hopefully) provides nearlv the rlght dnswers. The 

Procrustes step 15 then vle\oJed as a type of correction The method 

salves the following equation for T, in a least squares f3shion, 

B AT + E such thdt 
à 

JT 

t 
Trace (E E) 

We can then obtain from this that T - (AtA)-l AlB 

(A 6) 

A is as before and the target B as weil dS the r('s idua1 !:' <ire (!lx!') 

matrices lIow B lS found lilustrates thp manner III wlllch '>llllple strtle-

tures can be approximated algebraically The matrlx B 15 (·s.!>entLtlly 

derived from the loading factor,> of the orthogollal roL.ltlon pdrt 01 thp 

PROMAX algorithm Let A'=(AT') he one ,>uch (orthop,onally) rot..1ted loa-

dIng factor matrIx, l e. [' lS Itself an orthogonal (vdrlmax or pqulmaX) 

1 inear transformation on A The target loS then obt.1l!H'd by IIlodifYlll/?, 

the patterns found in A' bO a,> ta (>mulate more L10belv lll(' '>Imple strtlL-

small amounts, ',."hlle the medium and ,>mall -:alues bpcorne <,/IIa11('r c,tJll 

For d FROI1AX ·..Jlth k-KO' edch pOlllt III d colullln (or pdttl'rn) (Ji A' l', 

rnultlplied bv Its own dmplitude ra15ed ta tÎlC' pow('r (K()-1) ,ll1d tlH'1l !lor-

rnallzed sa as not to change t~e m.Jxlrnum ',',du(' I)f tlll' l"llu'nl ri Ill.., , t IH' 
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sign of a variable pattern is not changed, only its amplitude. 

one 

The transformation T that verifies bath parts of (A.6) is then the 

for which the amplitudes of the column vectors of the residual ma-

trix are at a mlnimum, L.e A=AT is as good an approxlmation of B as can 

be found using linear transformations As a final step, once the PROMAX 

transformation T has been found, it is normalized sa that the auto-cor

relation of the resultant transformed principal components be unity78. 

The principal required modifications ta use this algorithm on com

plex EOFs are the following' 

1 
T and any other 

2 
... I~ ,:~ 

expression of the type A B become A"B + A B, 

where the asterisk * still denotes complex conjugation and A and B are 

now (nxr) complex matrices. As we have seen, the algori thm seeks to 

find an extremum value for a set of squared quantit~es and thus the the

ory behind it currles over exactly when these expresslons are replaced 

by the square modulus of the corresponding complex expressions 

transformation matrix is again real. 

A.6 Data projection - Alternate data sets 

The T 

sary 

A final note on orthogonal and oblique transformations is neces

We have commented on the fact that for most purposes the oblique 

rotations should in principle be preferred to the orthogonal rotations 

On the other hand, there are sltuations where elther dn orthogonal rota-

tion or po rotations dt aIL 15 to be deSlred rather than an oblique one 

These arise when the pes or else the EOFs themselves are ta be used as 

baSl~ upon winch ta pl'oJect .motht'r data ~ct. t'lthel' d completel\' lnde-

pendent set from the one used ta derlve the EDF mode} l tself or even a 

simply more extensive set. The orthogonaltty propertv then becomes an 

l. V 1= 1. 
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asset in determinlng cl new set of model parameters OtherWlse, tll(> USt' 

of a non-orthogonal basis set in this context can force us to take into 

account the correlacion information between the different ~patL11 or 

temporal components, Invertlng .i matri;... of the !>ilme onler dS the numbl'r 

of basts components 

Let us suppo&e that wc have cl new data set W that can be rppresen

ted ;;J.S a (Nxn) mdtrix where, a~ before, N indices the timp variatiom, 

and n indices the ~pace variatIons 

B (one conslstlng ot several meaningful spatial patterns), we seek to 

find (timewlse) projection COp[flclents Ji <lnd re!;'lduals R, H'!-'lwct iv('ly 

(Nxr) and (Nxn) matrlces, ~uch that the fo11owlng 1101<1., 

II 

(A !) 

We then ioonediately have that Ji - WB (BtB)-l 

The part in parenthesis of the last equation i5 the requir~d corre

Lition matrlx information. W'hcn the bd~l~ element'i (1 l' tlll' column'i nI 

B) dre orthonormal thls part reduces to tl)(' (r:<r) Idpl1tlty IndtrlX I III 

that case, H - WB, a result that also obtainc, when W(' J'('pLlt,(' the quad

ratic condition ln (A J) by a slmpler llnedr condition ln WhlCh R ,ind Ji 

<ire only requlred ta be mutually orthogonal, 

'..,rlth an REOF model, '..,re havi' ',cpn that tilt. 

1 (, RB - () 

provide us '",ith the tc·rnpor.11 LorrpLltlon Informoilloll, ,j~, d(·filll'd by thl' 

matrix S in equatlon (A 5) But what b necdC'd !Jt'rp arp tll(' ',palial 

correlations ,mcl thC)~,p dr(> foulld III ','f't dllotla'r 111;11 ri', 

There lS yer (Hlother alterrwt1'.:e thdt l'olllbin('~ ',()l!l(> If [lot 1lI0f,t of 

::.he advantages oi bolh the ()nhol~olldl <Incl obliqll!' 1.1',(", ,It Ilttl(· 'xtrd 

':J.1rY' pattern ":lo1trJX A <;uPP0<'(' , ha t '.Hf' li"'JI' "11 h,llld th" t l-.III', t onn.! t i Olt 
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make use of the underlying spatial orthonormal basis available here. 

namely the matrix B of the eigenvectors of the original covarlance ma-

trlX. Once the projection j{' with respect to this basis is known, we 

only have to remember that A = B joI, 50 that 

H' Bt" H' (Jal)-l At" _' H' <)al)-l (T t )-1 Ir AL 

} (A d) 

where T-((JoI)T) lS the transformation matrix that goes from B to A and 

H=H'(T t )-l i5 the desired projection matrix 

As an example, lf we were ta slmply extend ln tlme the orlglnal da· 

ta set Z ta a more complete ..... the new proJectlon li would tlOder th1s 

formulation keep their old ·.',11ues over tne ~ part ot " 'The ph11ùsoph\ 

behlnd this lS that the ln[ormcltlon on tilt' modes of A 15 conul1ned lIn-

plicitly ln (al) cmd B <lnd any proJectlons onto the latter b<l51S l'an 

th us be interpreted as projections onto the former whlle retalnlng the 

orthogonality properties of the latter The lines of the resldual ma· 

trix Rare now orthogonal ta the subspace ~enerated hv the 8 column 

ensemble, sa that the y dre dlso orthogonal to the colurnns ai A. 1 e the 

REOFs 

Thi s conc 1 udes the 'lC'thodol(lgy Appf.'ndl x 1\ .\nv othel' l"equi rl'd 

mathematlcal concept .... 111 IH' discussed ln thC' main body of ~he rext ,.5 

lt arises 
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Appendix B 

Annual cycle filtering 
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f (t) ta, sin lt, (B.l) 

l=l 

where t E [ 0, 2~1 and NIH is an integer 

We know, from its definitlon, that the annual cycle fa(t), obtained 

when the box method is applied to f, can then be wrltten as' 

f (t) 
a 

1 
M 

2 11" 
where T = a , 

J M 
and t E [ 0, 2~/M1. 

t + T ), 
J 

211"(J-l) 
M 

2 11" (H - 1) 
M 

This cycle repeats ltself H times from a to 211" 

(B 2) 

Inserting (,B 1) 1nto ~B 2) dnd uSlng the usual trlgonometric Iden

tity for the sine of a sum of angles, we obtain an expansion for fa ln 

terms of a double surn in l and J of sine and cosine functlons This ev -

pression can be formally rewri tten as I~=l .l.gl(t) \;e can 1l0W conslder 

two separa te cases The first IS when l=kH for any k=1.2. .. V/H Then 

H 

( t) 
Sln It Sln lt [cos 1) _" 11" k gl ---- + ( J -

N N 

)=2 
N 

cos lt 
[Sl11 1) _)~k + (J - " l Il .t 

,'1 
1=.2 

J 

since the terms of the Elrst sumrnation ,!l'e d11 ones and those ot the 

second are all 2eroes 

l. .... kM 

The second case corresponds to dll the other values of 1. l ~ ~hpn 

ObVlouslv, the gIs are then agaln made of the same type of ,',-

pression dS ln the previous case, except that the two trlgonometrlc SWD

mations now have ,ugwnents that rnnp,e from _'11"1/,'1 ta 21rl(.'1-])/.'1 ',,;lth ln· 

crements ot .'Trl/,'1 Bv sllnple "vmmt>trv reaSOlllng, the t 11"st sumrndtloll 

thlS result 1S trIvIal li ,'1=.: ,md l=J 

general 

numbers, 

sltuation where ,'1 and L "re 

respec t l ve l ". The middle of 

L~,t us then consl,it'r the l!1on 

0rllv supposed ta [w t'ven and 

~11(> "rf.ument L111r,e 15 : hen 11" ~ : or 
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which the COSlne ,1I1d '>1IH' v,dues .Ill' -1 ,'Iltl (l, rt".pt'('( l\'I'!V 

the other terms III th,-' CO~!I1(> ',UJnm,ltlOll .11"., rt'l.ltl'd tlllOlll',h 

COS _'71' 1/.'1 ( Ot. .' 71' 1 l '1- l ) / ,'1 - {l', .'111 
, 

Il ,'Il , ( . 
10.<, .. 1 JT l ((,'1/.')/,'1 1/.'1) t l" ~', .'"..1 (0 

l ()~ .' If 1 ( ,'1/.' ) / ,'1 ! / .'1 ) , ll\, ;'! 1 ( (1 

! )') 

" j' /1"') 

1 , .'1 ) 

middlt> '.'"lue Ihl .... ,',dl Ill' {)b-"lllll',lv .,',t. lld,'d tll tilt' '.t'. (lild "lit! '.t't'(llltl 

",due~. ,.Ild "0 (l!l 

<,ummJl!Ull .III' '.lllll!.!ll\' ,'.',dll 

.lted 

~ 11(, j Ulle: 101l 

r,il C OrnpOlll'llt', rd ,\ 
" 1 • ',II 1 : , ( • 1 : l, l', 
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Figure captions 

Figure 1. Northern hemisphere 50 kPa variance of the seasonal cycle of 

(a) the streamfunction 1/J in a 20-year s1.mulation of the CCC 

GCM and (b) of the geostrophlc streamfunction tPg in ECMWF 

analyses valld from 1980 ta 1984. Contour lnterva1s starting 

from 2. Oxl0 13 mL. s - 2, Wl th increments of 4 OxlO l3 m4s - 2. 

Figure 2. Northern hemisphere 50 kPa variance of the low frequency com

ponents of (a) the streamfunction tP ln a 20-year simulation 

of the CCC GCM and of (b) the geostrophic streamfunction l/Jg 

in ECMWF analyses valid from 1980 ta 1984 Contour intervals 

OxlO l2 m4s- 2 , of' for (a) startlng from 3 wlth increments 

6.0xl0 12 m4 s- 2 and for (b) starting from 5 OxlO l2 m/~s -2. with 

13 4 - 2 increments of l OxlO lU s 

Figure 3. As in Flg. 2, but for the medilun frequenc ies 

Figure 4. As in Fig. 2, Liit for the high frequencies 

Figure 5. As in Fig. 2, but for the &outhern hemlsphere 

Figure 6. As in Fig. 3, but for the southern hemlspherc 

Figure 7 As in Fig. 4, but for the southern hemis?here 

Figure 8 Northern heml">phere 50 kPa total distributIon of positIve and 

negative anomalies, respectIvely greéiter [lnd E,maller than 

±l.Oxl07 m2/s and lasting for at least 9 days, of (a) the de

seasonalized t/J' from a 20-year simulation of the CCC GCM and 

of (b) the de-seasonalized 1/Jg derived from NMC analyses vaUd 

from 1965 to 1979 In (a), contours in le rvab f rom 6 events, 

with subsequent increments of 6; in (b), contours from 

10 events, with incrernent5 of 10. 

Figure 9 As in Fig 8, but for the Northern hemisphere summer. In (a), 
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contours from 4 events, wi th increments of 4, in (b), con-

tours from 6 events, wi th increment:s of 6 

Figure 10. Southern hemisphere 50 kPa total distrlbutlon of positive and 

nf?gative 9' anomalies sacisfving the same criterion as in 

Flgure 8, from a 20-vear simulatlon of the CCC GCM The win

ter data are considered ln (a) and the summer in (b) Con

tour intervals from 4 events, wlth lncrements of 4 

Figure 11 ;lorthern hemisphere ·.nnter 50 kPa compOSItes of the \ cie-

seasona1lZed) J;j' <lnomdlies uccurring Olt. (18\,', "'40~) ln" 

20-year simulatlon of the CCC CC·! The ampll tude and dura-

tian Chat deflnc. the dnomalies ûre the é>allle as ln Flgure 8 

The average of ,,11 posltlve events 10, presented ln (a) and 

the negé'ltlve in (b) The shaded contours hlgh1ight the cor-

responding total streamfunction (annua1 cycle included) 

Anomalv contour lntervab from -1.20xl0 7 ta +1 20X'10 7 m2/s, 

with increments of 2 Oxl06 m2/s The negatlve contours are 

dashed The total strpamfunction is contoured with lncre

ments of 1 5xl0 7 m2/s 

Figure 12 As ln Fig Il, but for anomalies of the (de-seasondlized) 

geostrophlc streamfunctlon 1};' derlved g from NMC analyses 

vaUd from 1965 ta 1979 and an anomal v centre position at 

(18\]. 52°N) 

Figure 13. As in Fig 11. but for an anomaly centre posltion at 

(9
0

W, 52
o
N) 

Figure 14 As in Fig. 12, but for an anomalv centre position at 

(.36
o

W, 52
o

N) 

Figure 15 As in Fig. Il, but for dn anomaly centre position at 
o 0 

(162 W, 35 N). 

Figure 16. A ln Fig 11, but for the sCluthern hemisphere sununer 50 kPa 
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compos1tes of the (de-seasonalized) ~ anomalies occurr1ng at 

(153 \1. 52
0

5) The total s treamfunc t 10n lS now contoured 
-., ') 

w1th Increments of l Oxl0' m-/s 

Scatter plots ot the (normalized) flrst rotated 10ading tac-

tor Inth respect ta the (agaln normalized) next four This 

REOF analvsls IS done on the modelled pos1tive dnd negative 

mid-Atlantic ~nomalles These four scat ter plots each con-

tdl ns ISO pOInts cO':responding to the ,;rld pOInts ln the geo

graphlcal ·':lndO'.oJ ')ver '"luch the dndlvsls 1S done 

Figure 18 rOSI tl"': phd:'l' of the SU kPd c'CC CCi rot<1ted 10:!Oln>; factors. 

hased on the posltl':e <.lnd negdtlve lde-seasona11::ed) l,iJ' .1nom-

1 18 °" o") h h h l d leS oCcurrln~ ,~t 1 1Ii,"",~ ,< • t roue out t e "lmu atlon 

fhe shaded contours hlgh1Ight the time-mean total streamiunc

tian ~ \annudl cycle Included) of dl1 tlme leve1s that 

strongly project onto thlS phase of the rarticular REOF 

Frames (a) to (i) correspond to the flrst. second. slxth 

loadlng factor l-'roduced hv the aaalysis. l'pspectlvply The 
. ) 

rotated 10adlne factor cire conloured from -1 20xlO' m-/s la 
, ) 

+1 20;><10' m-/s. with 111Crell1ents ot The nega-

ti ve contoure; are dashed and the total streamfunctlon is 

contoured wlth l~crements of 1 5xl0 7 m2/s 

Figure 19 As 111 Fig 18. but for the negatlve phast' oi rhl' CCC C;CM 1'0-

tated loading factors 

Figure 20 As in Fig, 18, but for the (de-seasollallzed) geostroph1c 

streamfunctions 1/Jg derived from the 50 kPa rmc aTlilly8es valid 

from 1965 to 1979 As well, the shaded contours now high

light the corresponcilng total geopotent Ll1 Il(> 19ht he Lds (an-

nuaI cycle included), This toLll geopotpnti<ll lS contourE'd 

from 480 dam ta 585 dam, with 1ncrements 01 l~ dcim 

Figure 21. As in Fig 20, but for the negat1ve phasl' oi the NMC (<le-

seas0nalized) 1/Jg loading factors 
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Figure 22. Tendency (a~/at)tr at 25 kPa implied by the gradients of the 

Figure 23 

hlgh-frequency u and v E-vectors These latter are calculat-

ed for tne onset composIte of the +ATLl type of events found 

ln N~C inalvses valld from 1~79 to 1986 Fr ame s ( a), (b ) and 

(c) conta in the total. dS '.vell as the barotroplc and 

barocliIllc components of ~hlS tendencv, respectively The 

shaded contours hl ghl1ght the ~5 kPa :::lme-mean total stre-

dmfunc t ion 1J.! lorresponding to thé fATL2 dnomal ies The ten-

ùencle::, "re contoureù trom 
~ ) 

-1 25x10' (mLjs)/day ta 

+1 ~5",l07 \!:l2;S);dd\' wlth lllcrcments ot 10<106 (m2 /sl/day 

fhe total streamtUI1Ltlon LS Itself contoured '.vIth Increments 
~ ) 

ot .1 (J><lO' lll~/C, 

, 1 but tor the mat:ure stage 0: the events 

As Hl fIg hut tor the demLse stage of the evellts 

Figure ~5 l'rames IJ) .-intl (.'J) correspùnd, L-espectively, to frames (a) 

and (c) ot FIgure ~3, except that the (w'~') contributions to 

the E-vecrors drè IlOW neglected 

Figure 26 Vertical ,1veLl~(, of the mat:ure stage tendenCles Implies hy 

the li ànd \. }:'-\'t'crors clssoclated to the ~;MC fATL2 events 

Frames (,1) Lil1d (!) contain the horIzontal (harotroplc) dnd 

vertIcal (barochnlc) components of thls average, respective-

l v l'hl' contour 1 ntervals are as ln Flgure 21 

Figure 27 As Ln FIg. 21, but for the 1ATL2 events found ln a 20-vear 

integratlon of the CCC GCM, 

Figure 28, As in Fig 22, but for the +ATL2 events found in d 20-year 

inte~ratlon ot the lCC GCM. 

Figure 29 As ln Fig 23, but for ,he +ATL2 events founn in d 20-year 

IntegratIon of the ccc GCM. 
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Figure 30 As in Fig 26, but for the +ATL2 events found in a 20-vear 

integratlon of the CCC GCM 

Flbure Al .-\mplltude response [unetlons ot the t.\.;o fl1ters chat give us 

the real and lmaginarv parts of the complex data set used ln 

the complex REOF calculatlons The dashed Ilne represents 

the real fi1ter's response a~d the contlnuous line. the lmag-

lnary fllter's 

played here 

The K=lO versions of the funetlons lS dlS-
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