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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-






