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1 Introduction

Long wavelengthbaroclinicoceanicRossbywavesplay a
significantrole in oceandynamics. They maintainandin-
fluencethe strongwesternboundarycurrentsarethe main
oceaniaespons¢o changesn atmospheri¢orcingandare
an indicator of the length of time that anomalouscondi-
tionspersist(Gill 1982). However, dueto their smallsea
surfacesignature(<0.1 m) and slow propagationspeeds
(<0.1m/s),detectiorof thesewaveswasnearlyimpossible
prior to the adwent of satellitealtimetry With morethana
decadeof altimeterdatafrom the TOPEX/Poseidor{T/P)
satelliteand prior missionsiit is now possibleto examine
Rossbywaves at the basinwide or global scalewith cen-
timeteraccurag (seeFu andChelton(2001)for areview).
Theseobsenrationsarea particularlyvaluableresourceor
areaswherein situ obsenationsare scarce suchasin the
SouthPacific Ocean.

Due to their westwardpropagationthe surfacesigna-
ture of Rossbywavesis clearly visible in longitude-time
plots (also known asHovmobller diagrams)of seasurface
heightanomalieg SSHA) and to someextent in seasur
face temperaturgSST) and oceancolour data (Cipollini
etal., 1997;Hill etal., 2000). However, not all the valu-
ableinformationthat the dataholdsis readily apparenin
the time domainso signalprocessingechniquesreoften
utilisedto furtherexaminethe obsenations. Two common
signal processingechniquesusedin the detectionof ob-
sened baroclinicRossbywavesfrom satellitedataarethe
2 dimensionaRadon(2D-RT) andFourier (2D-FT) Trans-
forms. The 2D-RT provides an objective estimateof the
orientationof linesin Hovmoller plots (for example,of the
characteristiavestwardpropagatingidgesandtroughsof
SSHAthatindicateRossbywave propagationjn orderto
objectively calculatethe speedof the dominantsignalin
theplot. The 2D-FT revealsthe spectracomponent®f the
dataso thatthe signalin the datacanbe examinedin the
frequeng domain.

Previous literaturehassuggestedhat multiple peaksin
seasurfaceheight(SSH)andseasurfaceaemperaturéSST)
spectraas detectedby the 2D-RT and 2D-FT may be the
surfacesignatureof higherorderbaroclinicRossbymodes
in the ocean(e.g., Cipollini et al. 1997; Subrahmayam
etal. 2001). Multiple peaksin the RadonTransformanal-
ysis indicateanomaliestraveling at varying speedswhile
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the Fourier Transformcan detectthe spectralcomponents
of multiple propagatingignals.

However previous studiesonly examinethis hypothesis
atspecificlocationsin anocearbasin.This studyexamines
the presencef multiple peaksfrom 2 dimensionaFourier
andRadonTransformanalysisfor the entire SouthPacific
basinfrom 10yearsof sealevel anomaliesleterminedrom
ERS (EuropearRemoteSensingsatellite)and T/P altime-
ter obsenationsand attemptsto determinewhethertheir
speedgesemblethoseof higher order baroclinic Rossby
wave modes.

2 Data

Maps of Sealevel Anomaly (MSLA) are provided by
the Developing Use of Altimetry for Climate Studies
(DUACS) which is the Collecte Localisation Satellites
(CLS) near real time multi-mission altimeter data pro-
cessingsystem. MSLA are obtainedfrom a complete
reprocessingof T/P and ERS-1/2data. Thereis one
map every 7 daysfor a period of almost 10 years (14
October1992to 7 August2002). T/P mapsare available
for that entire time period, but there are no T/P+ERS
combinedmapsbetweenJanuary1994 and March 1995
when ERS-1was in geodeticphase. From June 1996
to February2002, ERS-2 dataare used. Details of the
data processingand mapping method can be found in
Le Traon and Ogor (1998) and Le Traonet al. (1998)

The readeris also referredto the DUACS handbook
(www.jason.oceanobs.com/documents/donnees/duacs/
handbookduacsuk.pdf) for furtherdetails.

MapsareprovidedonaMERCATOR 1° grid, i.e.,at 1’
in longitudewith latitudeadjustedaccordingly Resolution
of kilometersin latitude and longitude are thus identical
andvarywith the cosineof latitude(e.g.,from 37 km atthe
equatorto 18.5km at 60°N/S). Units arein centimeters.
This studyfocuseson the SouthPacific Oceanfrom 10°S
to 50°S.

3 Method

3.1 Datatreatment

Longitude-time series were extracted from the MSLA
datasetor every 1° of latitudewith a 20° longituderun-
ning window from 10° S to 50°S. Windows or datablocks
with landwerefilled with a Gaussiarnnterpolationscheme
if the gapwidth waslessthan10% of the window. Other
wise,thelandwasleft in. Spikesandoutliersin the dataset



wereidentifiedasmorethanthreestandardleviationsawvay
from the meanandremoved. ThesedatawerethenGaus-
sianinterpolated Thetwo dimensionalGaussiarinterpola-
tion schemeplacesgreateremphasi®n spacehanin time
becausét is expectedthatthe valueswill be moreclosely
relatedin space. The full-width half maximum(FWHM)

andsearchradiuswere setto %" and1°® in spaceand1.4
daysand? daysin time.

Eachwindow or datablock is zero paddedand passed
through what we refer to as the ‘westward-only’ filter
(Cipollini etal. 2001; Cipollini etal. 2004). This filter re-
movesstationaryandeastwargropagatingignalqthesec-
ondandfourth quadrantsn wavenumbeffrequeng space)
leaving only westwardpropagatingsignals(the first and
third quadrants).This effectively alsoremasesthe annual
standingsignal. Additionally, a few more spectralbins
aroundthe annualpeakareforcedto zeroto effectively re-
move ary stationaryquasi-annuasignal. The Radonand
Fourier Transformanalysiswere then carriedout. Both
methodsaredetailedin thefollowing subsections.

Basin wide medianspeedscalculatedfrom both anal-
ysis for every latitude are comparedagainstlinear theory
estimategor thefirst baroclinicmodeandagainsimodified
theoryestimategor up to the fourth baroclinicmode. The
latter estimatesare calculatedby Killworth and Blundell
(2003a,b)Yor afully perturbedandmodifiedoceanbottom
with 1° resolutionbathymetry

3.2 2D-Radon Transform

Thetwo-dimensionaRadonTransform(2D-RT) canbeuti-
lized to determinean objective estimateof the orientation
of linesin aHovmoller plotin orderto objectively calculate
the speeddf the dominantsignalin theimage.The 2D-RT
p(z’, ¢) atagivenangle,¢, is aprojectionof theimagein-
tensityalongaradialline orientedalongadirectionnormal
to ¢ (Deansl983,Challenoretal.,2001)

p(', ) = /, )l r = x'cosd — y' sing dy' (1)
Y y = z'sing + y' cosg

Alignments of the dataat an anglein longitude-time
spaceare lines of constantspeed. When ¢ is orthogonal
to thedirectionof thealignmentsn theplot, the Radonen-
ey is maximum. Computingthe RT of a Hovmoller for
differentvaluesof ¢, andthenits enegy, allowsoneto find
thevalueof ¢ for which the enegy is maximum.This ob-
jectively determineghe angleof the predominanenegy
signalin the data. The correspondingpeedcanthenbe
readily calculatedfrom ¢ from simpletrigonometriccon-
siderations,being proportionalto tan() (Cipollini et al.
2004).

The 2D-RT was calculatedfor eachlongitude-tme se-
riesfor ¢ rangingfrom 0°- 90° (every 1°). Peaksverede-
tectedby examiningthefirst andsecondderivativesof the
standardleviation of theRadonEnegy. Thefirst derivative
is smoothedvith a5 point boxcarfilter beforecomputing
thesecondlerivative. Speedsarethencomputedor angles

thatshow apeakin theRadonenegy by multiplying thetan
of the anglewith theratio of the longituderesolutionand
thetime resolution.The significanceof eachpeakis tested
by calculatingits relative height. Thisis aratio of the peak
to the meanvalueasusedanddefinedin Hill etal., (2000)
. Distanceof peakfrom meanvaluewasalsocalculated.

3.3 2D Fourier Transform

A 2 dimensionaFastFourierTransform(2D-FT)algorithm
canbeusedto examinethespectracomponentsf thedata
blocks.A 2D-FT allows a signalto be examinedin its fre-

gueng domainwhich can highlight valuableinformation
not readily apparentin the time domain (i.e in the hov-

mollerswhich shav spaceover time). It allows the detec-
tion of the single componentf the propagatingsignals
which may correspondo differentbaroclinicmodes(e.g.,
Cipollini etal. 1997;Subrahmayametal. 2001). The 2D-

FT is an extensionof the one-dimensionalFourier Trans-
form andin practiceis implementedwith the FastFourier
Transform(Brigham1988).The2D-FT s givenby

M N
S(fe, fy) = Az, Ay Z Z (mAz, nAy)e

for a Hovmoller, s(mAz,nAy) of M x N pixels,
where m, n are the pixel indices and Az, Ay the pixel
dimensionsin the z (longitude)and y (time) directions.
Thisis computedon a discretegrid S(pA fz, ¢A f,) where
p = 1...M, ¢ = 1...N with frequeny resolutions
Afy, = 1/(MAz) andAf, = 1/(NAy). S is periodic
in both f, and f, with periodsl/Az and1/Ay (Cipollini
etal. 2004)

The2D-FTis performedandthe power spectrds calcu-
lated by squaringthe sumof the real andimaginaryparts
of thetransform.The origin is shiftedto the centresothat
the zerofrequeny componenwill bein the middle of the
spectrum. The spectrumis alsoflipped so that westward
propagatingfeaturesare in the left part of the spectrum.
Peaksn the spectrumandtheir correspondingvavelength
andfrequenciesverefound. Speedsarereadily calculated
by dividing thefrequeng over thewavenumber

4 Results

4.1 2D Radon Transform

Figure 1 shavs the Rossbywave speedscalculatedfrom
thefirst peakin the2D-RT analysisaswell asthe peakam-
plitude (standarddeviation of the enegy) andits relative
height,ie., its ratio to meanpeakvalue.

In general,there are faster speedsequatorwardsand
slower speedgolevards. In the mid-latitudes,speedsn-
creaseon the westernside of the basin. Betweenl1l0’S
and 15°S, however, somesignificantly slower speedscan
be seenin themid to westerrside. Thesehave beenshavn
to correspondo bathymetricfeaturesin the region (Ma-
harajetal. 2004)

j2m(foAntfyAy)(2)
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Figurel: speedgcm/s),standardleviation of enegy (ar
bitrary units)andrelative heightfor peakl in RT analysis

The greatesenegetic variability is in the westernside
of thebasin—inabandbetweer20° Sand30° Sin thewest-
ernPacific,the EAC returnflow andsouthof New Zealand.
Thereis significantenegy in a small zonalbandbetween
30° S and40°S which spreadsneridionallyaround240°E
to 25C°E (in theregion of the EastPacific Riseandthe Pa-
cific AntarcticRise)thentwo separateonalbandshetween
20° Sand30° S andsouthof 40°S with very low variability
in betweenThereis somesuggestiorereof arelationship
to bathymetry(Maharajet al. 2004).

Thegreatestelative heightsthatis, themostsignificant
peaks,arein the southeastof the basinwith valuesrang-
ing from 1.8to 2.5. The patternsherearealsosuggestre
of bathymetridnteraction.For example,somepeakscoin-
cide with ridgesin the southeast. Lowestrelative heights
arein the northwestof the basinwherethe peaksare not
significantlydifferentfrom the meanvalue.

Figure 2 is a comparisorof the medianspeedat each
latitudeto thefirst baroclinicRossbywave speedestimates
basedon linear theory and the first to fourth order baro-
clinic Rosshywavesfrom the modifiedtheoryof Killwort h
andBlundell (2003a,b).It shaws that southwardof 20° S,
medianspeedsrom the 2D-RT analysislie betweenfirst
mode estimatesfrom the two theories. Equatorwardof
20° S,speedsresignificantlylowerbut arestill muchfaster
thanthe higherordermodessave for oneestimateat 11°S
which coincideswith mode2. Theseslowv medianspeed
estimatesare largely dueto the anomalouslyslow speeds
seenin the north westernpart of the basinand have been
examinedin somedetailby Maharajetal., (2004).

Figure 3 displaysthe equivalentinformation provided
in Figure 1 for the secondpeakin the 2D-RT analysis.
Missing valuesdenotethat no secondpeak was present.
Peak2 speedsare almosteverywhereconsistentlylow (O
< 2 cm/s) with the exception of two regions. Around
40°S, 200°E-220E, there are some speedsof around
10cm/s. The secondregion is that pointedout in peak1l
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Figure 2: comparisonof peak1l medianspeeddo linear
estimatesandmodesl to 4 of a high resolutionbathymetry
modelrun

Figure 3: speedgcm/s),standardleviation of enegy (ar
bitrary units)andrelative heightfor peak2 in RT analysis

for anomalousijow speedgaround10®°S 150-170E and
180-210E). In peak2, theseregionsshow higherspeed®f
approximatelyl0-12cm/s.

As in peakl, maximumstandarddeviation shavs that
the greatestenegetic variability in peak?2 is alsoin the
westernPacific. Maximum valuesalsolie in similar spa-
tial locationsaspeakl. Relatve heightvaluesin the west-
ern half of the basinarecomparabléo the relative heights
of peakl in thesamdocation. Thiswould indicatethatthe
secondeakhereis important. Themostsignificantrelative
heightsare,again,in the southeastof the basin.

Latitudinal medianspeeddor peak?2 (Figure4) shav
consistentlylow speedsver the entirebasin. Speedde-
tweenl(®S and20° S fall around4cm/sandgraduallyfall
till 30°S wherevaluesshov no real pattern. The second
peakin the RT shovs medianspeedsncreasingpolevards
From 10°S to 30° S, peak2 speeddall aroundor slightly
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Figure 4: comparisonof peak2 medianspeeddo linear
estimatesandmodesl to 4 of a highresolutionbathymetry
modelrun

Figure5: speedgcm/s),standardleviation of enegy (ar
bitrary units)andrelative heightfor peak3in RT analysis

belov mode2-4 estimates.From 30°S to 35°S, they fall
betweeninearandmode2 estimates.Polevardsof 35°S,
estimatesarelargely betweeninearmodel andperturbed
model estimates.

Figure5 aretheresultsfor the third peakin the 2D-RT
analysis. Note that thereare now even fewer pixels with
valuesindicatingthatno third peakwaspresenfor mostof
thebasin.

Speedsare mostly very slow with someanomalously
highspeedscattereall overthebasin.Thesespeedsange
aroundlOcm/sandafew isolatedpointsat over 25cm/s.A
comparisorby eye of thesepixelsindicatesthatthey have
very low relative heightratios and henceare mostlikely
spurious.

Maximum standarddeviation shawvs that variability is
similarto thefirst two peaks Highestvaluesarein theEAC
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Figure 6: comparisonof peak 3 medianspeeddo linear
estimatesandmodesl to 4 of a high resolutionbathymetry
modelrun

returnflow andsoutheastof New Zealand Highestrelative
heightvaluesfor peak3 areagainin the southeastbut the
numberof pointsherearelow. Thelargestpresencef peak
3 occursin themid andwesterrbasin. Theseshaw relative
heightsof betweerl and1.5soarelikely to bereal.

A comparisonof medianspeeds(Figure 6) indicates
very slow speeddetween20°S and 35°S with speedsn-
creasingequatorwardsand polewards. Between25°S and
35°S, mostspeedestimatesarecloseto or aroundmodes?
to 4. Equatorwardsf 25° S, speedsarelargelybelov mode
4. From35°Sto 40° S, speedarebetweerinearandmode
2 and polewardsof 40°S, speedsre fasterthan mode 1.
Note, however, thattherearea very smallnumberof sam-
pleswith a third peakandwhile peaksarebeingscreened
throughthe calculationof relative heights,no peakshave
beendiscardedPeakswith relative heightsbelown 1 should
be castasideasquality control.

4.2 2D Fourier Transform

Figure 7 shavs the speedscomputedfrom the first peak
in the 2D-FT analysisandits amplitude. Thereare very

fast speedq 20 cm/s)aroundNew Zealandand smallre-

gions eastand west of the basinaround10°S. North of

20°S arefairly slow speedf greaterthan7cm/sandin

particularbetweenl9C°E and22(°E. Thisis alsoapparent
in theRT analysis.Thesevaluesaresignificantlybelow the

firstmodelinearor perturbecdestimatesPolevardsof 20°S,

with theexceptionof aroundNew Zealandspeedsireslow

(lessthan5cm/s)but fall within linear and perturbedesti-

mateqFigure8)

Themaximumenegeticsignaturds very similarto that
producedythe2D-RT analysis.Themostenegeticpartof
theregionis a zonalbandbetweer?(®* Sand35° S, westof



speeds (cm/s) for peakl

latitude

longitude

max energy for peakl

latitude

e

oo
vt Vmaams
200 220
longitude

Figure7: speedandenegy for peakl fromtheFT analysis
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Figure8: comparisorof peakl medianspeedso modesl
to 4 of afully perturbedmodelrun
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Figure9: speedsndenegy for peak2 fromtheFT analysis

Fully perturbed and modified bottom vs FT peak2
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Figure10: comparisorof peak2 medianspeedso modes
1to 4 of afully perturbednodelrun

around22C°E in theregion of the EAC. Thereis somehigh
variability southof 30°S and24Q’E, a peakaround190°E,
45°S (southeastof New Zealand)and betweenl1(°S to
15°S,westof 175°E.

The speedsand peakamplitudefor peak?2 are shavn
in Figure9 and medianspeedcomparisonsn Figure 10.
A large areaof thetropicsshav fasterspeedserethanin
peakl, especiallyin the easterrtropics. Again, very fast
speedsareseenaroundNew Zealand.Comparisorto lin-
earandperturbednodesndicatesspeedsloseto perturbed
first modevalues. Peakamplitudeis similar to peakl en-
emy. Figuresll and12 shav similarvaluesfor peak3.
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Figurel1: speedsaindenegy for peak3 from the FT anal-
ysis

Fully perturbed and modified bottom vs FT peak3
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Figure12: comparisorof peak3 medianspeedso modes
1to 4 of afully perturbednodelrun

5 Discussion and Conclusion

This studytestedthe hypothesighat multiple peaksin the
RadonandFourier Transformanalysisof sealevel anoma-
lies may correspondo higher order Rosshywave baro-
clinic modesovertheentireSouthPacific Ocearbasin.The
first threepeaksof the RadonandFourier Transformwere
found anddescribedn termsof peakamplitudeand esti-
matedspeeds.For the RadonTransform,relative heights
were calculatedas a meansto screenpeaks. Estimated
speedsverethencomparedgainsspeedsor thefirst baro-
clinic Rossbywave modebasedn lineartheoryaswell as
speeddor thefirst four baroclinicmodesfor a fully mod-
ified and perturbedoceanwith high resolutionbathymetry
(Killworth andBlundell2003a,b)commonlyreferredto as
the”perturbed”or "modified” theory

For the Radon Transformanalysis, speedscalculated
from thefirst peakgenerallyfell betweerestimategor the
first baroclinic mode propagationspeedfrom linear and
the modifiedtheory Resultsfrom the higherordermodes,
however, were moreequivocal. The relationshipbetween
secondarypeaksandthe higherorderspeedestimatesar
ied with latitude.While the secondandthird peaksyielded
speedshatfell within the rangeof higherorderbaroclinic
modesin the lower to mid latitudes(betweenl15°S and
30°S), they weresignificantlyfasterin the high latitudes.
It is importantto notethatwhile relative heightswerecal-
culated,no peakswereexcludedin theseresults.As afirst
measurefelative heightsbelow a thresholdof 1 mustbe
removed to quality control the peaksbeforeary physical
meanings givento theresults.It is alsointerestingo note
thatthe secondandthird peaksarenot ubiquitousover the
basin.Onthe contrary higherorderpeaksaresuccessiely
harderto find. This resultsupportshe generaideathatno
morethanthe first threemodesare importantfor Rossby
wave propagation.

Theenepgeticvariability andspeecdestimatedor thefirst
peakin the Fourier Transformresultsgenerallyagreewell
with the RadonTransformresults,i.e, very slow speeds
equatorwardf 20°S but otherwisebetweenlinear and
modified estimatesfor the first baroclinic Rossbywave.
The secondand third peaks,however, show little resem-
blanceto secondandthird peaksin the RadonTransform.
In fact, apartfrom slower speecestimategquatorwardef
20° S, therestof thespeedestimatesesemblehefirst peak
estimates.Clearly, we are not capturingthe higherorder
peaksjf they exist andareresolhedin the Fourieranalysis.
Thesecondarpeakseingcapturedn theanalysigs more
likely leakagdrom thefirst peak.A morerigorousmethod
for scanningor secondarypeaksneeddo beestablishedo
first of all, confirmwhetherthesespectrapeaksxist. If so,
thena methodfor screeningpeakds alsowarranted.

Theseresultsillustrate what may be inherentdiffer-
enceshetweerthe Radonand Fourier Transformanalysis.
While the RadonTransformseemdo easilycapturemulti-
ple "modes” of signalin the longitude-timeor Hovmoller
plots, the Fourier Transformseemdo largely focuson the
mostdominantsignal. The Fourier Transformmayalsobe
moreheavily dependenvn thelengthandresolutionof the



dataset.Thereforeit may be moreappropriateo vary the
window lengthof the analysisover differentlatitudes.
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