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L. Imtrochictlon

In the Pacific Ocean, wheare the El Milo—Southern
Dgcillation (EMSC) phenomenon dominaies the inter-
annual varability, there ig a genemlly undersiood sce-
nano of coupled ocean—aimeosphere tropical pocessas
(Cane and Zebink 19857, Consaguently, undemianding
and predicting the Pacific El Miflo phenomenon have
considerably improved in the last 1O yvears (Cane 21 al.
1986; Bameii eial. 1923; Mealin eial. 1994; Chen i
al. 1995). The mhktionship beiween s2a surface lam-
peratume  55T) and s2a level pressure (SLP)is wall doc-
umenisd (2.2, Rasmmeson and Arkin 19850 and since
then digtinctions have bean made betwesn the global
EMED signal { Kawamue 1994, Lanzante |96, Toure
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and While 1995, 1he decadal climale variability (Latif
and Bameit 1994, and the “EM 30 -liks decade 1o-cen-
ey varability" (Zhang el al. 19965 The Atlantic ¢li-
mie variability, on the other hand, is characisrized by
a gtong bagin-wide and brood-bandsd coherance be-
tween ocean and aimeosphere anomalizs. For example,
in the equaiorial Atlantic “‘conditions ol times ¢ 1963,
1973, or 1934) regemble El Hifio" (Merle 1930; Phi-
binder 1990) and o “significant pant of obsarved vari-
ability can be described by an equatorial mods akin 1o
EMESO" (Zabink 19933, In the Marh Atlantic, snrface
mimospharc circnlaion is dominated by the sami-pai-
meneni Leelandie low and Azores high. The interan nual
flucinsdions of these 1wo cells are anticor:laied and
coniribuie 1o the Maonh Atlantie ceeillation (FAC). Tha
HAC dephyes quasi-bignnial, quasi-decadal, and mul-
tidecadal vadability Hurell 1995, Coasidecadal 1o
iniedecadal vadability hos been identified in the At-
bntic ocean-simeosphers sysiem as well (Desar and
Blackmaon 1993; Fughnir 1994; Levituz 21 al. 1994,
Houghion 1996 ; Bann and Park 1996). Mehia and Del-
worlh (199 5) presant evidence that 55T in the tmopical
Allantic Ocean  displays  low -frequency  variability.
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These characieristics of the Atlantic climate spacimom
may cause analysis of time- and space -limitsd domain
i be misleading.

Work on inemanual vanability in the Atlantic Ocean
can be found in the szminal study of Bjerknes ( 1964),
where large-zeale 55T and coresponding SLP anom-
aliee were fiml identified a1 the inlerannoal timescals.
Bjerknes snggesisd thatl the mpid yeardo-yenr 55T var-
fability arszs fiom cczan—-atmesphere heat fluxes foced
by changing winds. He alzo snggesied thoi decadal or
krnger flucinations are elaled o changes in the coean
circulation, padiculacly the snbiropical gyre, in responss
o the long-temm changes of the mimospheric ciculmiion
(2., changes resocinied with the sirengih and locaiion
of the subiropical high). Mo meznily, Levitus (19399
wiE able 1o identify, fiom hydographic dxa, a weak-
ening in the sirength of the subiropical gy e in the early
1970e compared 1041s state in the lak 1950s. Deszrand
Blackren § 19935 and Fughnir { 1994, uging longar -
face dainssiz, found patiems of corehisd vadability
beiween the aimosphare ond the ooean mesocinied with
kw-frequency physical mechanizms cormborating, in
part, the msule oblained by Bjerknes.

In generml, rgions with maximuom s2ngible haat, la-
0l head, and momaninm exchanges are nod always con-
gmeni in space and time (Budyko 19325, Therefors,
dentifying processss sesocisted with obszrved sudface
poiltzms of coherenl bw-frzquancy ocean—atmosphere
variabilily prezenis a szrious challengz. I hae beensug-
geglad that there is interannual comelation biween the
iropical and exirmiropical Morth Atlantic in both the ai-
mesphere (Mobre 1935) and the ocean (Lan and Math
19805, The mbusiness of thees corehiions with lime,
= well =& their frequency dependance have yeiio be
fully 1egied. For example, Houghion and Toume (1992
and Enfizgld and Mayer ¢ 19970 find thsi the leading
modes of 55T interannnal vanabiliiy norh and somih
of the TTCZ are uneoralatsd s zam time lag. If thess
55T fluctnations ae linkad 1o trade wind cicnlaxion
and sesocisied changes in the siwengih andfor the po-
gition of the Azores and Saini Halena highs, then climais
variability of the Atlantic & moe complex than pre-
vicusly thought. The complexity in izolming climate
signals is further enhanced since 55T anommlies in the
equatorial Allantic Ocean are smaller than in the Pacific
Ocean, and the eguatorial cold tongne & much weaker
(Philandar 1990; Zebiak 1993; Jin 199G

Finally, when comparing clirmiz vanability in the
Pacific and Atlantie Oceans, theme is evidence of an
inverse relationship betwazn SLP in the eagizm Pacific
and the it pical Allantic (Covey and Hastenmth 1973}
the Southem Cecillmion and the SLP in the South At-
bintic Ocean (Woller 19390, and El Miflo and precipi-
tation in norheast Bmzil (Caviedes 1973; Hasienrnth
and Heller 1977; Enfiald 19960,

Moegl of the resawch invelving the analyses of 55T
and SLP dataseiz fiom the Atkntic Ocean have focnsad
an the Madh Atlantic region and il is only eeenily thai
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the Somih Atkntic weoe gindied (Venegnz & ol 1997,
In addition, almeet all previows memech he analyzad
the data in the time domain genamlly by using principal
componeni analysas or similar techniques. In an effort
1o betier undersiand the spatial and ltemporal charactar-
iglice of Atlantic vaiability associsted with band-lim-
iled signalz, we depan from the time domain approach
in thiz study and investigaie the space—time variability
of the Atlantic ecean—aimesphers system (30°H-30°5)
uging a joint 55T and SLP analysis in the frequency
domain over the Atlntic begin for a 136y period
(1256-1991). The datizete and the method nesd ae da-
gcribed in saction 2. The space—time evolution patiems
of 35T and SLP coresponding o the dominani fe-
quencies are described in szction 3. In saction 4 we
dizcnzs the reulis in the context of previous work and
alzo evaluaie plomsible mechanizms. Summary, emarks,
and conclusions are found in ssction 5.

A Data and method

From the recenily gridded L3&-vr-long (13561991
global 55T and SLP doissisby Kapln etal (1997, 1992,
mamhly snbesig for the Atkntic dormin ona 5° = 5% grid
and 4° = 4% grid of 55T and SLE respectively, am ob-
imined. Beconse of the spars covemge in the Sonth Ad-
lantic, only dain norh of 3005 ae analyzed in this smdy.
Ezsentially, the datn rduction by Kaplan & al. invohes
cormputing leading em pifical enhogonal functions (EOF)
fiomn the moet racent high quality dat (U Meeomlg-
ical Office Global Ooean Surface Tempermre Allss for
33T and the Comprehe ngve Ooean—Atmesphere Dat 521
for SLP). ECFzare then nesd for fitling o fird-omder linear
model of time iransition. The optimal estimation & ob-
imined nsing EOF projection of the analyzed field in order
1o obiain o “wduced space.”” From the estimation of the
available dain covariance patierns, the method fills gape,
correris sampling ermom, and produces spatially and 12m-
porally coherent dusesis.

The dingnostc method ussd for analysis is the fie-
quency domzin singula valne decomposition (SVIN
technique developed by Mann and Park (1994, 1994,
hereafier MP94 and MP%G, respactively). Time domzin
decompogition 1echniques such as principal compansni
analysis or o ichannel singular spectm m analysis are
besi snited for broadband feamres. They ae poor ol
igolaiing band-limited signals that are spatially cohe =,
quagipariodic, or unsiable on a shwly varving noiss
backgronnd. In such situations the frequency dommin
appezach iz optimal (RBP4 Mann and Pack (19999
compare thess iwo apprachss in greatl deisil and alzo
demonsimi the vlility of the frequency domsain ap-
proach using synthatic examplas.

The pamdigm that the Atlantic ocean—simesphers
gysiem exhibils spatially coherenl band-limitled vari-
ability an aslowly varving noise backgronnd motivatad
onr investigation of the joind 35T-5L P variability nsing
the frequency domain approach. The goal of this paper
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ig 1o igolale dominani frequencies ai which the Atlantic
bagin exhilils significani eoharenl vanakility and sub-
gaquanily examing the coreponding spatial patlarns of
55T and SLP anomalies. The l@iter will be in genzml
emall compared 10 the amplitnde of climale variability
in the Alkntic Ocean. However il shonld be kept in
mind thal the ol amplitnds, over any significant fre-
quency band, wonld be an inegration of the amplitndes
from ind v idual frequencies within that band. The meth-
od iz briefly describad below. For grenter details re-
garding the mathod nsad, =fer 1o MP9 and MPY%G.

Thetime gzrieg aleach grid point are fist transfomied
from the time domain 10 the spaciml domain wsing the
mulitaper specieml methed (MTR) (Thomson 1932,
Park et al. 19373 At each frequency ( f) for each grid-
paint sarieg, 2 gmall number (&) of independeni spacieml
eslirmies are campuiad sing K onhogonal Slepian ia-
pei=. The tipes can be thought of 22 a kemel or wavelzt
function. In addition, the tapem, being anhogonal by
constretion, caplure independant information. The 1a-
pere avemge over a half-bandwidth of g, centarad on
the frequency 7 Hem, fp = LiWaAr(4ris the sampling
interval, 2qual 1o one month in this smdy, and W iz
nuriber of dain poink) is the Rayleigh frequancy (the
lezgl meobvable frequency) Of the K iaper= only the
firsl 2 — | iapers are ns2fully resisiant 1o speciral leak-
age. The parametes K and @ provide spaciral degrees
of freedom and frequency msolution, respaclively. A
larger pimpliss averaging overa bigger bandwidih, and
vice vemEn. We chooga p o= 2 and & = 3, 22 in MPY4
and MBS, which provides enongh speciral degress of
freedom for asignal4o-noisz ratio decom position, while
allowing reazonably good frequency resolution.

S5Tand SLP time s=ries ae stand ardized o 2ach grid
paini. The ancmalies ae derived fiom long-tem means
(135 vrj ai each point, and ihe sandand deviotions ae
compuisd aieach poiniaswell. The gidpoint sariesae
weighizd with regpact 10 |atitnde. Al each frequancy f
K independeni gpeciml eslimmes of the siandardized
time sa2ries ae calenlaisd o

w
Fii( i = E it I

where s = 1, ..., M are the grid poinis (for the con-
catenmed S5T and SLP fieldg), o = L, ..., N am the
time poinis; & = L, ..., K are the number of spaciml
egtimmies; and {w'®} are the weighis from the Lh daia
taper. Thus, we have K speciml estimates a1 each grid-
poini series, msuling in o malrx of size M = K ai
frequency f.

A complex 5% D ig parformed on this mateix, which
gives K ofhonormal lefi and right eigenvecion repre-
gznting the spatial and frequency domains of ECFs of
33T and SLP ancmalies, respactively, and K singnla
(or gigen) values mpresanting the shared varfnes eap-
fnred by each mode (or tapen) within a given namo-
frequency band (or “local variance' ). The fmctional
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vartanee (or “local fractional variance" ) caplured by
each mode iz then compuied. The process iz repented
for 2 number of frequancies, and a plol of the spacimm
of fmctional variance explxined by the first mode i all
the frequencies & readily obiained. Significance of
peakzin the fractional varfnee specirnm are delermined
fiom o comparison with confidence limils obizinad
through o boxisimp procedure (Efon 19900 Hem the
fizlds are permuted in time 1o kzep the spatial stmetnre
iniacl. One thousand permuisiions ae generaisd and in
each case the local fiactional variance sl each frequency
for all the & modes i derived. From this enszmble, the
9%th, 95th, 90th, and 30ih percentiles are compuisd.
There are usually a number of peaks in a given fre-
quency window {or ¢luster). Conszquently, the signifi-
canee al a given level is oblainad fiom the averaged
highesi value of frctional varance within the boader
spacieal band, obtained by using a keal polynomial
emoaihing procedurs (Lall #1 al. 19997

When the above analysk is pedfomed in a moving
time window, an estimstion of the freqnency varistions
ower lime is obiained . A &0y moving window is usad
in thiz paper 2o thad the evolution of the fractional var-
funce specirum & diephyed. The lefi and right adho-
normal sigenvecios are 1s2d 10 reconstmel spatial and
empoml paiiems aleach frequancy refer 1o M and
MG for more deiaik).

While the method used in thiz paper identifies joint
SE5T-5LP dominani frequencies, the physical interpre-
tation of the mechaniems associaled with thess fe-
quencies ¢an be combersome. This is why, prior o in-
Erpretation, the 3W D joint spectmm is smoothed 2o tha
the spatial reoonsimetions ar compuisd from the lead
and well-zepamiad smoothad peake.

A Results

The specirum of the firsi singular values, and it evo-
ltion for the whole time pericd, ar deEphyed in Fg.
L. For the whole time perod, significant peaks ai the
95% level existin thrze bioad bands (Fig. 12y the quasi-
biznnial band (skewed around 2 2.7-vr pericd), the in-
emnnual band (ecentered amund pericds of 3.5 and 4.4
vy, and the quagidacadal band (skewed around an 11.4-
viperiod ). A smoothed quasi-biennial time scale aronnd
211-yr pericd is aleo significant ai the 90% level. A
rm hidecadal peak (aound 301 perisd, significant =i
the 90% leval) can also be ean in the nnemoothad curve
of Fg. La.

The “evolutive" SWVD spectrum (using a 60-yr mov -
ing window) significani above the 90% lavel iz pre-
sznied in Fig. lb. From appoximakely the tum of the
ceninry until the mid 1930z there iz a gap in the power
of the pericd centzrd around 335 v During thal same
period the power of the signal centerzd amund the 4.4-
vi becomes more significant. PSS, in their joinl 35T-
SLP analysis of the Marihern Hamisphere alzo find sig-
nificanl speciral power in this time period. Other im-
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pariant featurs ae the highly significant quasi-biennial
and qusei-decadal signals around the 2.7-vrand 11.4-
vi pericds, respectively. The quasi-biennial signal dom-
inzizs when the quasi-decadal signal is wealker and less
gignificanl. The quasi-biennial signal i conspicuous
fiom 1920 12 1955 when the quasi-decadal signal is
below the 909% confidence kewvel. Thess menlis will ba
dizenzsed in further datil in saction da.

In the subsequeni sections, joini spat@l patiems of
35T and SLP ai the dominant frequencies, identifisd
foom Fig. la, ae describad. The evelution of the spatial
paitzms theongh half their eyele izshown in six panals.
Il wee decided, arbitmrily, © start the fisl pana] (Figs.
29, 32, 42, and 52) where the SLP anomaliss contriboie
io o weakening of the Azors high. The paiiems evobe

through o “perfect” cycle; thus the ssventh panal (noi
ghown) is the same as the fist panel with opposite po-
larity. The 558Teae shown in thin contonm and shading
and the 5LPg are ghown in heavy coniours. The contons
inervals are kepl constant in all the figures for eme of
compargon. The anomalies presanisd herenfier are in
general ermll since they me compuied over narmow
bands, 5 exphinad in szction 2.

. The quuisi-Blermial period

Two quasi-biznnial speciral peaks are cenlarad aonnd
pericds of 2.2 vrand 2.7 yr (Fig. la). The evolotion of
the gpatial paitemns ai both thess periods ae very similar
Consaguenily, only palizms comesponding 1o the 2.7-
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Fra. 2 Spoce ond cime svokxion [oop oo bomom ond kE o cighe, panels @i-fi] of de 2700
pericd for boeh S5T and SLP aromalis. Oobe bal die cvcle & pressresd. Thece is o 27-moreh
cime differace berrezn cach fmme. Thin corooes isolid ond dashed) cpoessnc 55T anomalis
(posicive ond negaive) svary 0192, che 2=co-comor line being omieed. Shading & foc wlos
larger chon 01°C. Thide concou (solid ond dashed) eposees SLP onomlis (pegitve ond neg-

arivej svay 02 mhb

vi pericd are ghown in Fig. 2. The anomalies ae from
0.2 mb (Fig. 2d) 0 0.6 mb(Fg. 2b). The SLP anomalies
form o dipale akin 10 the HAO. The maximum anom-
aleus SLP occur during the pan of the cyele in which
wenk, pogitive 55T anomalies boild up in the eagisin
equaterial acean, in the regions where cold wakrusnally
dominaie. The 55T anomalies then expand westward
aleng the equator and nodhward along the west African
cocglling. The topical Afantic Ocean & alarnatively
warmer of colder (up 10 0.2°C) every L& months. The

maximum expansion of 35T anomaliez in the Toopics
(Fig. 20 ococnie 3 monthe afier maximuom negative SLP
anommalies beiween Mewfoundland and westzm Eunmope
iFig. 2bi.

b. In'-l'f J'rrIf.l'..rmr.'r.r.I' E-.nr.:'.'r

Two distinel speciml peaks cenizred around 3.5- and
d4-yr periods ae identified o the inemnnal time-
scnks. These frequencies captme more than &0% of the
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Fra. 3 Spoce ond rime svo kxion fop oo bocoom and kB o cighe, pansls (ai—fi] of de 3590
cied for boeh 55T ond SLP swomaliss. Onbe talfche orcle & peseneed. Thece iz o 3 5 mond
rime diffarence bersesn =mch fome. Concoxing cormancion & che same os for Fig. 2

frctional variance in 2 narmow band cenlered aromnd
them (s== Fig. lal
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Figure 3 ghows the evalntion of the anomabze for
half thiz pericd. Maxima of SLF anomaliss in the Hadh
Adlantic fomn a dipolelikes patiern akin 1o the HAO. The
bugesi anomaliss (06 mb) are identified fit in the
Denmerk Simil and then wesl of the Azores (Fge. 3c
and 3dj. The anomalies pemist for approximadaly half
a year with litile motion and then the patiem mentionsd
above collapses(Fig. Je). The stongest anomalons SLE

gradieni ig found beiwsen 45°-55°M and 20°-50°W
i(Fige. 3b and 3¢j. In the tropical Atlantic, SLP anom-
alieg ae weaker (0.1 mb

In the Marh Atkhntic Oeean, 55T anormealizs ae mther
weak despite the strong SLP grmdient mentioned above
(Fig. 3d). Weak 55T anaraalise (0. 1% a1 S0P and 30°-
40°W oocnr 3-8 months afier the maximuom anomalons
SLP geadieni. More spacifically, pogitive 55T anomalias
peak (0. 1°-0.2°C) between 307 and 35°M, and between
L0® and 20°M (Fige. 3d and 3e).

55T anomaliss appenr along the West Afrcan coest-
ling, in the region where climaxdological faalues such
o6 the cold Canaries current and comstal npwelling dom -
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inale (Fig. ib). 55T anomaliss along the Sensgaless
cocglling oocnr when SLP anomaliss contribuiz 1o o
weakening of the Modh Atlantic SLP dipole. From there
the anomakies expand westward between appoximaizly
L0 and 20°M, consigteni with the paih of the Horih
Equmorl Cument, and then southwand betwsen ihe
Wesi African coestline and 30MW. A4 LOPS 2 merging
ococnE with anomales moving northward from the
South Atlantic Oeean (Fig. 3e) Finally, the anomalies
find thsir way into the gulf of Guinsa following the
mean path of the Mah Equatorial Counier Cument and
the Eguatorial Undercurrznt.

21 THE 44-vR PERDD

Figure 4 ghows the evolution of the spatial patiems
mesocisiad with half this period. The largest SLP anom-
alisg ame identified between Iozland and the sounthern tip
of Greanland (3602 mbi, and a1 35°M beiwean 35%
and &5*W (02 mb, Fig. 4b), they pemizi for appoxi-
meiely 35 of the orele with lifile modion. To the south
between 25° and 35" and beiwssn 307 and S07W, the
ancmalies collapss (15°M, 40°W, Fig. d2), a year lalec
In the wesizm Morth Atlantic Ocean, maxinmm positive
SLP ancmaliss are found over southem Geenland .
de).
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Pogitive 55T anomalies (up 1o 0.3°C) appear in the
A0P—&0FH zonal band, wheare the SLP gedizani iz snch
thal wesiedy winds are weakenad (Figs. dc and 4d).
Thiz conld reduce siorm activity during winles ooonr-
ring during the cycle. Along 30°—40°H negative SLP
anornaliss are found 15-20 degrees of bngitude amel of
the negative 55T anomakes( Fgs. 4 and 4d). Peak 55T
mnomaliss by peak SLF anomalies by s2veral monihs.
Conkemporaneously, positive 58T anomalies (0.1°-
0.3°C) are the dominani festure in the Mardh Topical
Adlantic Oeenn (Figs. de, 4d, and 42) whae northeast-
erly winds musi be weaker. In the South Tropical Al-
kintic, negative (positive) 35T anomalies appear off-

ghore of ceniral Afnen (Gabon, Congo, and Angola,
Fige. 4c). Subssqguently, these anomaliss expand west-
wand (Figs. 4d and 4=).

c. The gieisi-decedad peried

The prominent quasi-decadal peak arcund the 11.4-
vi paricd can be ssen in Fig. la. The fmctional variance
capiured at this frequency is significant a1 the 99% leval.
The spatial pailems asscciiad with the quasi-dacadal
band are displayed in Fig. 5.

In the Morh Aikntic the SLP anommly poiiems are
reminizceni of the MAD paitern. An oul-of-phmss r2-
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latiznghip aleo occnrs between the areas where the snb-
iropical anticyclonzs in both hemisphees ae found the
Azores high 1o the nooth and the Saint Helena high 1o
ithe somth. The difference in signs beiween the SLP
anomalizs o the north and the subimopical highs leads
1 the conclusion thal quasi-decadal variability iz alzo
presani in the winds a1 all latimdss. In Fg. 5, whene
the maximum SLP anomalons gedient is visible (Figs.
4a, db, and 4c), il can be inferred thal when the west-
arlieg betwaen 50° and 65"M are weaker than normal,
the nofhasstacly ades are alzo weakarthan nomal. Al
ithe same time the sonthensiarly rades are stoongar than
norrnal.

Anin-phase relationship between 35T anomaliss in
the 30°P-&0°H zonal band and the Morh Teopical Atlantic
Oicgan (nofh of the mean position of the ITCZ) is read-
ily 2en { Figs. 5b, 5¢, and 5d). Forthermore, a cohaen
emgi-northenst onenked pattem of 35T anomalies is
found jusizouth of the Gulf Stream extenzion and along
ithe Horth Atlantic Cument (Fgs. 5a-1). 55T anomakag
ae algo found in the vicinity of the Marith Aikontic deifi
(Fig. 5a with revemsad polarity).

S8T anormalizg in the Morth Atlantic Ocenn, norih
and south of the Azores high have the same polarity.
In contrsst 55T anomalize have opposite pohrity norih
and sonth of the mean position of the ITTCZ (Fg. 5d).
Th digiribution of 55T ancmalies fite well with the in-
phaze relationship between midlatimds westerlies and
northeasterly rade winds and the onl-of -phass =lation-
ghip of Athntic northarly and sontheseterly trade winds
on thetimessle, i& previously distnssed. The evoluiion
of tropical 35T during the dacadal cyele isthus markad
by the appeamnce of 2 szesaw patlern of 55T during
the growih phoes of the patiern.

4. Dscieslon

All spatial patierns corrsponding 1o the four fre-
quencis begin arbitmrly (Figs. 2-533, with 2 weaker
than nomal Azoes anticyelons and a weaker than noe-
mal Ieelandic low. All of these SLP anomalies conirib-
e 1o o negative MAOD index a1 the baginning of each
cycle. In this saction we compare our @sulis with ral-
evanl prvious work and ako disonss possible physical
mechanizms involved with the dominani signals that we
have identified.

. The queisi-Blenmmial period

Wagner (1971, in an analysie of a & -y Morthern
Hemigpherz SLP daiass nodh of 20°T0), and other in-
vesltigmons (e.2., Landsberg 21 al. 19463), identified 10o-
poepheric qussi-biennial signak or “pulsss.”’ Wagner
conclided that the spectral power in 2 band cemearad a1
a period of around 2 5-yrdisplayed masimum amplitnde
in both 55T and SLP. The maximn sesocimed with the
gpaciral band were locaied near the centers of the loe-
landic lew and the Azores high during winiar Thess
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r==m g ware cormobo mied later by Angell and Korshowver
(1974), who alzo argued thai the quasi-biennial flue-
tations and their different fraquencizs are linkad 1o 1he
eonthwest norhesst movemeant of the “centem of ae-
tion,'' that ig, the lealandic low and the Azores high.
They showead that the Azores high becomes wealer
whan digplaced somthward. A guasi-biennial cecillaiion
wig snbeaquenily identified in the itemporal recond of
the MAD by van Loon and Roges (19730 More -
cenily, quasi-biennial signals were identifisd in SLP
over the Morthern Hemiphere (Trenberh and Shin
1924y, SLE surface wind, and ain tampe e dat from
the narh Atlantic Ocean (Gordon 21al. 1992; Desarand
Blackmon 1993%; and from global analyse of @ i2m-
peroiure and 35T (MPS4).

In our analysis we find iwo speciml peaks in the wi-
cinity of the 2.5-yr period. The evalution of SLE anom-
alieg in the Morh Atlantic is consigieni with the resnlis
obinined by Angell and Komhowvar { 1974 The contri-
tutizn of the biennial signal 10 SLP varmbility thare iz
particulacly evident afier 1920 (Fig. Lb). The shaps
and evolution of the pattems of tropical S5T anomaliss
fiorn the Angolan ccasiline (Fgs. 2n—d) s2eme 1o in -
dicaie thal the ancmalous lecal currenis(e.g., the South
Equaarial Cument, or SEC) play o prepondamnt rols.
I iz inemesting 1o noie thal Konda &1 al, (1996), osing
bandpass-filtered biznnial vadations of 35T oblained
fiomn satallite datn, concludad that 55T evalution in the
tropical Adantic Ocean is primarily controlled by latzral
hent imnspori and nol air-sen hent fluxes. Magative SLP
ancmalies from G0 o 30°5 ae sesociakd with 2
warmer tropical ecean. The fact that the maxima in SLP
and 35T anommliss are far apad deserves fudher in-
vesligation .

b. In'-l'f J'rrIf.l'..rmr.'r.r.I' b-.l?h.ll

Crring the Iz iwo decades there has been consid-
emble evidence of a ralationship beiwean the nagaiive
phmez of the Southem Ocean Index and equaioril At
kintic wam evenis (Covey and Hostenmih 1978, Has-
eneth el al. 1987, Waller 1989, among othem). Wod -
eling experimenis have esiablizhad links between the
intensity of the topical Ailantic imdes and the EWS0
phenomenon (Touree 1 al 1985, Canon and Huang
1994, Delecluss & al. 1994). Zebiak (1993) dizcussad
the imporanee of mendional 55T gmdizniz in the At-
bintic domzin and i€ msocixion with topical Allantic
Oezan circulation. Curtis and Hastenrath (19957, fom
acompesik study, describe the evolution of meridional
S5T gradieniz in the imopical Atlantic Oeean. Wagner
(199¢) propossd physical mechanisne associatsd with
the topical merdional 35T gradieni. Speciral peaks
arxund 5-yr period were found by Venegas etal. (1997
in the South Atlantic from a joind analysisof S35T-SLP
in the time domzin, baged on the mest recenl 50 yrof
daln. They associatke this var@mbililty with a meridional
dephcement of the TTCZ and the Zaini Helena anti-



L)

cyclong (ihe Sonthem Hemispherz subiopical highl
Sperber ond Hameed (1993} identify 2 3.6-yr paricd in
the norham iropical Atlantic 55T, which they amgne is
cne of the time=zeales a1 which the Walker ciculaion
inkeract with the tropical Atkntic cirenlation and mod-
ulmes theatmek of the Atlantic TTCZ. Peterzon and White
(1992 identified an Aniamtic cirenmpo kb wave, with
a period of 4-3 yr, tansmilting climsie anomaliss in
the Somthern Ocenns, inchding the South Atlantic
Cieaan.

17 THE 35-vR PERDD

For the 35 yr period il iz found that, in the Hodh
Atlantic, 55T anormalise are mther wealk even in the
presance of large SLP anomalous gradient. The SLP
ancmalies ae snch thal nodheasiedy rads winds are
weakerinthe nohem wopical Atlantic Ocean and along
the narhwae Afrcan coagstlineg. When a imilar anal yeis
& performed globally (not shown) we found that for
approimatz |y the same 3.5-yr period, the patlerns dis-
played in Fig. 3a corespond 10 the time when a folly
developed El Hillo exisis in the easiem Pacific. The
southeasizrly rade winds in the equatarial Atlantic will
be a1 their peak siengih, the negative 55T anomaly
being the higest in the aquaiorial Atlantic. The TTCZ
will then ba found fanher north with weaker coasial
upwelling and redneed hesi loss betwezn 1OP and 20°PT
(iCurliz and Hastenrath 19957, Al the equalor and ai the
beginning of the arbitrarity defined cpele (Fig. 3a0, neg-
alive 55T anomalies and weak positive SLP anommliss
are obezrved. Tropoepheric subsidence and hydestiatic
adjusimeni of the aimosphere 10 cold 35T (Covey and
Hestanmih 1973, Lindzen and Migam L9237 will both
incremse SLE The positive 35T anomalizg in the South
Adlantic Ocezan (a1 30°5) expand equatorward following
gecetrophic flow patiems of the npperocean (Raid 1929,
Stramnmma 19915 and merge (west of 20°0W) with poeitive
S5T anomalize fiom the north. Thess anomalize are =-
inforced by Ekman downwelling in thess mgions (Curis
and Hastenrath 1995y The merging on the weslem top-
wal bagin might be due 1o o tendeney for the ITTCE 1o
create, farther esel, an initial potential voricily barria:
thad inhibits direct flow along the themoe ling laorer fiom
subtopical region toward the equator (Lo and MeCreary
19953, From there they propagale easi-sonthesstwand
i(Fige. 32, 3b, and 3¢, all with revems polarityl. This
manomalons propagation folkews very closaly the anom-
alous gmdient of the sza level lopogmphy compuisd
foom the aceanic geo potential thickness for the 0-1000-
o lzyer (Levitug and Oort 1977, A simdlar movermneant
& noticed in the henl slomge ancmalias associalsd with
the EWSO phenomenon ¢ Tourre and While 1999, man-
nzcripl submitted 10 J. Clmere).

The tendency for a wamer northern tropical Allantic
Ocean during ENSO peaks, 52 in the 1980g, iz =220 in
the glotal roisied EOF analysis of Toume and Whitls
(1995, To gain forther insight abont this relationship,
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we compuie the coherence and phase between the 55T
HIMO3 time s2ries (2 preenblive of the Pacific EMSO)
and reconsimel lime ssres averaged over grid poine
along the equaiorial Allantic. We find 1he largest sig-
nificani coherence of 0.85 (99% level of confidence) at
around L 2-month lag, for the 3.5-vr pericd. This eme
1o snggest, for example, tha the 335 -1 signal coninb-
1ies 1o a weakening of the Azores high (Figs. 3a—d) and
that about one year after a fully developad El Mino in
the ezetem Pacific, 2 waming of the equalarial Atkntic
Ocean is noticeabls, with maximum 55T anonmliss (up
10 0.2°-03%C) cocnming in the Gulf of Guinen (Hisaod
19200, This cormbormes well with msulis by Philandst
{19900, Tomre and White (19953, and Latif and Bameaii
(1995 During the Atlantic warm evenl of 1984, afisr
ithe 193233 “EM5O of the ceniury' in the PBacific
Ccenn, a South Egnatorial Connter Currenl { SECC) wis
menitored (Hizard and Henin 1987y An eastward prop-
agation of 55T anomalies was obsarved during the At-
lantic warm evenl of 1934 (Hanin and Higad 1987,
Reverdin and McPhaden 193687 I was aleo concludad
that during this pericd positive 55T anomalizs betwaen
the equator and LIPS and esel of 20°W were indicative
of a waaker SEC and aweaker Benguala Curenl sysiem
(Cadon and Huang 1994, Philandsr 1936, Reverdin &
al. 1990

The above argumenis reinforce the iden of 2 specific
Allantic rsponse 10 the Pacific EMSO signal as tmns-
ferred through the “aimespheric bridge' as suggesiad
by Lan and Hath (19960, The mason for the signal 1o
be transmitied a1 thal padicn b fisquency and the po-
tential ok played by the stmesphere in the midlatitndes
rermnain unclaar.

21 THE 4.4-vr PERICD

The evolution of the negxive 55T anomalizs somih
of the ITCZ indicales the presznce of strongsr south-
englerly imde winds (Figs. d4c and 4d). The lack of SLP
datn sonth of 3075 doss nod pemmil 18 10 isolate a definile
jeint SLP ancmaly pattecn therz. SLP anomalies in the
vicinity of the Azores high ae negative, but they are
sommew hal weaker when comparad with SLP anomaliss
for the 3.5-yr pericd in the same region (Figs. 3¢ and
4ch. Somwih of the Azores high weaker nonhessiely and
slronger southeasiedy winds, compared 1o the 35-yr
pericd, further tend o displace the ITCZ northward. As
a eenll of the stoongsr local meridional winds, coosial
upwelling geis enhanced along the Angolan comsiling
and is exiended far westward (Shannon =1 al. 1988,
while the gtrengih of the Angola gy (Gomon and Bee-
ley 19905 1ends 1o b2 mdoced. When the sontheasiecly
imde winds ae relaxsd, a warming occnis in the same
region primarily due 1o heal ed steibntion by the SEC
and SECC (Philander and Paconowski 19210 Finally,
55T anormlise are found farther nacth in both hernd-
gphareszin regions whare there is also maximum Ekman
drifl in the mean (Mellor &1 al. 1982; Amanll 1937
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Simikr concluzions from modeling sindiss we e argmed
by Zabdiak (19935 and Cardon and Huang (1994

c. Compxirisons gf e hwe Infereommin periods

Fror the way theintemnnnal eyeles ae woonsirociad
in this paper and from a global analysiz [nol shown and
aleesdy menticned in saction 46 17], 11 can be deducad
that the atmospheric linlkage between the eastern Pacific
and Ailantic Ocenans & increasad during the prominzni
3.5y pericd of the EMSO phenomenon. This is, for
example, whan nagative SLP anomalies are found in the
asslam Pacific, negative SLP ancmalizs are found in the
vicinity of the Azomes high, and the SLP incemess in
the equaioral and South Atlkntic through presumably
iropospharic snbsidence. Inteesting by enough, whan we
perfomead additional spacimm analysss of the winier
WAD and i1z two componenis, the Azores high and the
Lealandie low, agignificant inemnnnal gignal {90% con -
fidence level) i cenlzed aund 35 v The linkages
betweaan the eastern Pacific SLP anomalous fizld seso-
cimed with EMS0 and the intensity of the Azomes high
could be associsied with "an equivalnl barotopic
wave-like regponsz in the Morh Pacifie—Torth Ameri-
can'' region as mantionsd by Lan and Math( 199G). Lan
and Math were aleoable 1o sesoeiste waomn EN S0 evanis
with o dipolelike 35T pattern in the westzrn Horh At-
lantic (negative 55T anomalies along the northensiern
geabond of Mordh Ameren associated with negiive
anoralize in lxenl and gsnsible fluxes) Mo work e-
maing 1o be done in this domsin.

The 35T evolution in the tropical Atlanticisdiffzrem
for the3 5-and 4. 4-yr paricds. In the sonthessl Atlantic,
33T anomalies proparate andfor expand in oppoeite di-
rections, thal ig, southessiwand for the 3.5y 1 pediod and
northwestward for the 4.4-yr pericd. A fundamenial dif-
ference beiween the two cyeles iz thal coldar squaiorial
33T ar associstad with highertropical SLP forthe 3.5-
v pariod, while for the 4 4-yr period 1hig relationship
breaks down. Since the joint 35T-SLF evalution norih
of the ITCZ display similaties batweaen the 1wo cyeles,
the diffsrenes in the 55T evolotion south of the TTCE
musl be linked 1o independent local simespherc and
coennic conditions in the Seuth Atlantic Ocean.

It is well known that the pesition of the ITCZ in the
iropical Atlantc iz mssocisied with local conditions,
guch ag the inlenzity of the nonhwest African heat lons
and the sirengih and position of the Saini Helkena on-
ticyclona. In the ocean these changes comespond 1o
changes in the stength of the sonth subopical gyre
The pesition of the TTCZ displays szonal, interan nal,
and lowerfraquency variability. For exampls, whan
gpaciral analyeiz is parformed on time sarisg thal depict
the anomalons location of the TTCZ, the iwo inlerme-
diaie frequencies discussad in this paper ame clearly
identified (noi ghown). Remole foring, including
EMN 30, ako influance the pogition of the Ailanic TTCZ.
I1 has been shown that the latitude of the ITCE iz de-
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rmnined by the meridional 85T gradiant, the maridional
SLP gradizni, and ihe relative intensily of the 1mdes,
norhesstizily vemus the sonthesstely (Covey and Has-
eneth 1973; Hamead et al 1997, Wagner | 99, Wainer
and Scares 1997). We poopess that the differznces in
the 55T evolution south of the ITCZ betwesn the 35-
and 44-yr periods mside in the mhiive differznce in
the strength of the imdes winds system and the changes
in ihe oceanic circulmdion due 1o bath local and =mote
foncing. For both eyeles, when the MAD iz weaker the
norhasstzly 1mde winds ae weaker Acoordingly the
ITCZE & found farther nodh. Forhamaore, when E1Hifio
& fully developad there iz an ind ation of positive equa-
torial SLP anomalies{Fige. Ja—c). For the 4.4-yr period
(Fig. 4) weak posilive SLP anomalize are found faher
gonth (Figs. 4d and 423 and comld be associaked with a
girongarandfor nodhward displacement of the Saini He-
kna anticvclons. This movemeani has bezn mentioned
by Wensgze el al. { 1997). Resulling equatorial wamming
& then influenced by local conditions with wenker
sgonihengierly temde winds., From the south, 55T anom-
alies could alse penstate the Tropics by entering the
Benguela Cumeni system and subszquenti northward
spreading from the SEC. Finally the poesible link with
the 4-5-y1 pericd of the Antctic circumpolar wave
and northwand Ekman layer flow pro pagation ide ntified
by White and Pelerson ( [996) and Petsrzon and Whik
(1998 degarves further investigation.

el. The quuisi-deckil pre riod

Tha Atlantic climate wariability is characierized by a
girong coheence mesocisied with this cycle. Desar and
Elackmon (1993) find thai 35T quasi-decadal variability
& associalad with the western Atlantic oscillaion, 2
geopolential poitemm in the wpper tropogphere (Wallace
and SGoizler 19810, Molinari 21 al. (1997 ware ablz 1o
dantify the sarme timeecale varabdlity in the snbenrface
ermparsinre (down o 400 m)in the midlatitodss of the
weslem norh Atlantic Ocean. From com pled-model
mng, Sedzner el al. (1993) identify low-frequency var-
wability of around 2 L7-vr peried in theirjoinl 35T-5LP
of the Atlantic begin and attribule it 10 unstable air—esn
inemctions evolving the subiropical gyre and the
HWAD. In their experiment the ocean responds 10 low -
frequency wind siress curl varistions and sarves 22 a
memory in the coupled sysiem. The intensity of the Gulf
Stream exiension and the subiropical gyre espond ao-
cordingly and keepthe conplad system cecillaing. Sim-
ilar findings were made by Hanzen and Bezdel (1996
and Halliwell{ 19953, In the sublropical gy, the latent
heai flux iz found 1o fore quasi-decadal 5T anomaliss
(Cayan 19920 Morh of 30°H the 55T anamalies closaly
follew the mean tmasport stream function derived from
wind siress and snbendace densiiy fields (Meallor ei al.
1922%. The amplification of 35T anomalizs 1o the norh
of S0°H, the region whare the barotmopic flow associatad
with the subpolar gy (Hoge & al. 1936, sspamiss
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frorm the Sargreso gy, Sution and Allen (1997 find =
gimilar evolmtion in 55T anocmalizs when they analyzad
35T for 2 shoriar lime period ( 1945-29).

In ourjoini 35 T-5LF analysiz, the spatial disteibotion
of SLP anomalies ig a womindar of the MAD standing
index chamclerstics. The joint 35T and SLP pailems
mzocinlad with an L1.4-vr pericd (5= gshown in this pa-
per) poinis 10 a stong midlatitnde MAO-35T linkage
and a stoon g topical—eximiopical connsction o dacadal
timzscnles. This eenll emphagizes a timescale dafined
by the ability of npper-ocean anomaliss 1o persist, even
afier the mmespheric anomalies dzeay, and during
which ocean—simesphere inlzmetion is mainiainad on
the Atlantic basin sl

Hurrell 19957, Halliwell ( 19957, and Kushnir ( 199&)
suggest thal positive 55T anomalies in the weslarlies
and imde wind belis appear simulansously when the
ancmalons SLP geodient is decrenssd. This is comob-
oraiaed by the 2 lative distribotion of 35T and SLEP ancm-
aliez in Fig. 5.

In the iropical Atlantic, qussi-decadal vadability is
mezocinled with an oni-of-phass relationshipin the 35T
io ithe nonh and south of the ITCZ. This is consisient
with previons snalysss from Houghton and Toume
(19927 and Servain (1991), who identified a decadal
timescale for an 55T tmopical “dipole index.” Mehia
and Delworth (19957 meantion thod 55T variability somnth
and nocth of the ITCE cccnis al timeseales between &
and L1 v Recenily, Chang e1al. (1997, using a hy brid
conpled general cirenlation model, show thatl o dipole
girneme with o decadal timesenls can be ailained
thoongh unsiablk themmody namics betwesn wind-in-
ducaed heai fluxes and 55T anomalies. Madhem and
gouthern tropical componenis of the 35T anomaly sime -
mee might be sesocimad with the snme mechan &me, bot
a ime dipole simctuie & @ainad only for a relatively
ghor time period (for sl most 2 v in the quasi-dacadal
evoluiion. Thig ie congigieni with onr resnlis. When
SWD and crees-gpeciral analysss ae parformed, with
the MAD and subiropical 35T nomalized lime saries,
gsignificanl coheenee is found nodh and sonth of the
equaior Meverhelkess, the cross spaciml analysie be-
twean 55T inthe two regions idaniified in Fig. 5d r=-
vealg very lililk cohemnce (Rajagopalan & al. 19985
Thiz leads 15 1o believe that 55T in the 1wo sublopical
regions are independenily coherznl with 1AO (Kushnit
elal. 1993,

The irade winds are oui of phass on this timezcale
gingce the sublopical anticyelonss ame alsoontof phasa.
The meridional S5T geadiant oo wes the TTCZ associatad
with the decadal pattem hag o pofound effect on the
norhesst Bmzil and Sahelian rainfall (Haglenmih and
Heller 1997, Macheeo e al. 1990, Sparber and Hamead
1993; Wainer and Scares 19975,

e, Compuirison of quiisi-Blemial amd

guicisi-ce o] pe riouls

Agsghewn in Fig. 1b, the statistical significance of the
quasi - biennial and quasi-decadal bands varies with time.
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This was fisl mentioned by Knizbach ( 1970). In par-
ticulag we can noke from this figue that, when the quaei-
bignnial period woe significant during the 1920-35 pa-
ricd, the quosi-decadal period woe much less promingni.
The intemnnual pericd, espacially the 3.5-vr signal alzo
seems 10 be less significant during this peried. Gu and
Phikindar ¢ 19957 node that batwesn 1915 and 1950 the
iniensity of the Sonthe m Oscilloion wos wlative lysmall
and increseed mpidly therafier Similar obszrvations
were found by Rajagopalan el al. { 1997 in theiranalysis
of Darwin SLP datr. The mlstionship, as a function of
time, between the quasi-biennial and quasidecadal pe-
ricds igstill nnelear. Acoording 10 Hurell and van Loon
(19961, the MAD “smianding index" hme exhibiled con-
giderable variability sl quasi-biennial and decadal time -
gcales during ithe past 130 yr This € nol the cass in
Fig. b, where the biennial gignal is nol sign ificant priot
1o 1920, They alzo show that the MAD decodal vari-
ability becomes more pronounced afier the 1950s. Sim-
ilarity and differences betwaen their resulis and ous
conld be due 1o saveral facis: 1 our sindy emphasizes
the evolution of joint (both 5T and SLF) spatial pa-
terns as oppoesd 1o amplitudes of individoal standing
indices such ag the MAC index for the Marth Atlantic
only, 2 our analysis emphogizes joinl cohemnl fie-
quency bands and nol necessarily speciml powsr, in
which the power iz shard between two fields over the
entire Atlantic domain; 3) onr analygis i beged on
monthly dat s oppossd 1o the winler time vahes of
ithe MAOC index nssd by Hurrell and van Loon | 1996).
Indead, a moving-window specimm on monthly time
geries of the MAD index (not shown) reveals a poomi-
neni quasi-decadal band prior 1o 1920 azin Fg. 1lb
We can infer from Rogers (192345 and Huomell ¢ 19957
thal between - 1920 and -~ 1980 thee woe o downwad
ind in the FAC index. Alss, during the 192050 in-
ierval boh the Azores high and the Tealandic low moved
southwesiward (Slowienka 19353 During thal period
ithe S5LP cwver the Gresnland-Iczland regions geadually
incrensad (Roges 19840 and the winier siom tmcksin
the Morth Atlantic were found fanher south (Tinsley
19225 Thizg yvear interval ig ronghly m2lsed 10 the Marh
Allantic “wam pericd” identifiad by Kushnir ¢ 1994).
The physical link betwesn thoss obszrvations and the
eoneomitant changss in frequency chamaestics of the
jeint 35T-3LP patierns iz nol clear ol this time. In a
jeint 35T-5LP spatio-temporal analysis for the Horh-
ern Hamizphe e, MP9S found that the quasi-decadal sig-
nal appeaed a8 a ditineily cold-szseon phenomenon
while the quasi-biznnial signal iz significant during both
inde pendeni warm and cold szseons and stongar during
the cold seceon. The effect of s2asonality, whik sindy-
ing i pical-exiraio pical intemctions for the entire Al-
lantic Ocean, nesds forther research.

In thiz paper il iz shown thal there iz a relationship
betweasn localized SLP varations and daminant eyeles
in the joini 35T-5LF wanability in the Morth Atlantic.
Zenarally, during the period when the HAO index di-



Auaust 159%

minigheg, the quasi-kiznnial eyele is enhancad, which
indicaies 2 poesible quasi-decadal modulstion on shoria
timescale variability. T is also belisved that while HAO
vanabilily & tightly linked with 55T wvariability i(e.g.,
Kushnir 1994), 1the biennial variability 0 described in
thiz analysis iz lamgely simeospheric (comparz the am-
plitndes of 35T and SLP anomalies in Fig. 23 Thiz is
beyond the scope of this papar

5 Summary

Five significant fraquancy bands for the joinl S5T-
SLP evolution ar dentifisd in the Atlantic basin. Thay
range from the quasi biennial 10 the quasi decadal. Two
quasi-kiznnial bands are centzred awund 2.2-and 2.7-
vi pericds; iwo inlemnnual bands are cenlzred amound
3.5- and 4 4-yr pericds; the fifth band =1 the qumsi-de-
cadal fraquency is cenlerd amound 114 -yrlime period.
The spatial paiierns coresponding 10 the five pariods
digplay large SLP varability in the Harth Atlantic. With
the quasi-decadal pericd, the SLP paiiarns and theirtime
avalution are nol only lnked with the WAD, bul also
wilth an oul-of-phase mlstionship between the snbimop-
ical anticyclones in both hemispheres. Thie indicales a
dorinant quasi-decadal variability in the Atlantic Had-
ley eimculaticn.

The five significant fiaquency bands are all sssocisied
with ropical warming with different inlznsities and evo-
lution along the equatoral wave gonide. For the quasi-
bignnial bands the entire topical Atlantic geis simul-
iansously wamer (coklar). For the other thes bands
there are oni-of-phase mlationshipe norh and sonth of
the mean position of the TTCZ, For the quasi-dacadal
band, this rzlstionship leads 10 shod- 1ived di pole sirne-
ture due 1o independznl 55T time evolution narh and
gouth of the TTCZ. The 3.5-y1 band digplays eastward
evolution along the equaior and s2ems o be linkad 1o
the Pacific EW30 though the simosphere (wammicold
Adlantic eveniz kg the Pacific by 15-18 months). The
warm (cold) events ageocissd with the 44-vr band aee
wenker, propagake westwan along the aquaior, and s=2m
1o be depending npon local Atlantic conditionssuch as
the locus of the TTCZ.

From o modsling study, Grdtzner el al. {L996) sug-
geslad thad the Atlantic decadal elimats eyele iz acon-
pled ccenn-aimosphare phenomenon 22 il ig in the Pa-
cific (Latif and Barneti 1994, Tonree &1 al. 19999, The
apparnt difference between the two low frequency sig-
nalg in the Atlantic and the Pacific musi then be oiirib-
mad 1o the gize difference of the two baging and the
domminance of the A inthe Morth Atlantic. The laiar
implies a polential for simespheric fesdback. T1 iz in-
iepesting 1o nole thai while Wohlleben ond Wenwver
( 19957 identified an interdscsdal gignal in the 55T of
the subpalzr Horth Atkntic gyre, Houghion | 1996)
found o quasi<decadal flucinmion in the npper poriion
of the Labrador Curent, where vedical mixing is weak-
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er due 1o freghwalter inpui from the Actic (Revardin &
al. 1997,

The relationshi p betwezn the dominani jointevaluiion
of S5T-SLF and their appropriale fiequenciss raquires
furher investigation (with additional datesis including
subsurface lempersiure, salinity, and precipitation). For
example, preliminary reconsimation of the joinl 35T-
SLP patiems cormesponding 1o the 501 peakin Fig. Lb
(noi ghonwn) ssems 1o be congisiani with the resulis fiom
Delworh el al. { 1993) and Kushnir (1994), snggesiive
of vadability in thermohakine cicnhiion as a plausible
driving mechanism ol this timescale. salating the main
physical mechanizms involved by comparing resulis
from diagnestic analysss with medeling ouipol (2 po-
ducibility) will have immeadiaie predicting application
(Pittalwalk and Hamesd 19910, Mevariheless, complex-
iy conld ariss since the differeni signals (thsin relative
intengity, siability, and evolotion) modukie each oiher
e evidenced in this paper when the gusei-biennial and
the qussi-decadal signals ar compared (Fig. Lby Fi-
nally, more insighl can be gained on the meachanisms
meocialed with the patierns presznisd in thie stndy by
exploring the role of sasonality.
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