Propagation and Reflection of Long Equatorial Wavesin the Indian Ocean from

TOPEX/POSEIDON Data during the 1993-1998 Period.

Jean-Luc Le Blaric& Jean-Philippe Boulanger

1- SOES, Southampton Oceanographic Centre
University of Southampton
Waterfront Campus, European Way
Southampton SO14 3ZH, United Kingdom

2-LODYC, UMR CNRS/IRD/UPMC
Tour 26, Etage 4, case 100
UPMC
4 Place Jussieu, 75252 Paris Cedex 05, France

Submitted taClimate Dynamics
September 1999

Revised manuscript
April 2000

Final version
August 2000



Abstract : The presentstudy offers a descriptionof long equatorialwave propagationand
reflection inthe Indian Oceanas observedoy TOPEX/POSEIDONsatellite. The equatoriallong
wave amplitudes are computed frdanuary1993 until Decemberl998, focusingon Kelvin (K)
andfirst Rossby (R1) modes.The K wave is observedto propagatewith a baroclinic phase
speed close to 2m/s whilee R1 hasa phasespeedof 0.7m/s.Wavereflectionsat both eastern
and western boundaries are cleahservedduring the entire period. At the easterrboundaryK
reflectsinto R1 with a reflection coefficientof 1.04 (reflection efficiency of 85% of that of an
infinite meridional wall), and at the western boundary R1 reflects into K with a coeffafiéb0
on averagalthougha large seasonaand interannualvariability of the reflection efficiency of the
African coastis observed.ReflectedK wavesstrongly influence the R1 variability nearthe
western boundary as fas 60°E. ReflectedR wavesin turn, influencethe K variability nearthe
eastern boundary as far as 80°E. Although long equatorial waves are mainly fotbedgnges
in the winds during the inter-monsoorperiods,reflection havea stronginfluenceon the ocean’s
variability over a large part of the basin on both seasonal and interannual time scales.
Focusing on the seasonal cycldmig equatorialwaves(computedover 1993-1996),t is
found that the constructive/destructive interaction between the wind fereindwave reflection
is responsibldor the K (resp.R1) seasonatycle to show a semi-annualresp. annual)period
nearthe western(resp. eastern)boundary.In 1994 and 1997-98,strong interannualeasterlies
coincident withEl Nifio onsetsin the Pacific occuredin the Indian Ocean.Long equatorialwave
propagationandreflectionplay a majorrole in creatingan east-westsealevel gradientalong the
equator,suggestinghat wave dynamicsand wave reflection may play a significantrole in the

Indian Dipole Mode suggested by several authors.



1. Introduction

Indian Oceancurrentsare mainly driven by the monsoonwinds which are characterized
by two seasons the northeastmonsoonin borealwinter (December-Marchandthe southwest
monsoon(June-Septembeih summer- and two inter-monsoonperiods- in April-May and
October-November (Fig. 1b). Winds are mainly meridianahe equatoriallndian Oceanandthe
zonal equatorialwind stressis weak throughoutmost of the year (<0.12N/nf). During the
transition periods, equatorialwinds are westerlies.During the Northeastand the Southwest
monsoonghey are easterlieqFig 1b), exceptduring the SummerMonsoonwest of 60°E where
they arewesterliesbecauséhey meetthe EasternHighlandsof Africa. The zonalwind signalis
semi-annuabver the equatoriallndian Oceanespeciallyin the middle of the basinwhile it is
mainly annual near the African coasts.Surfacecurrentsin the equatorial Indian Ocean are
dominatedby a semi-annuatomponentand reversedirection four times a year (Tomczakand
Godfrey, 1994; Hart al.1999):they flow westwardsduring winter and summer,and eastwards
during springand fall, the latter currentsbeing referredto as the Wyrtki Jets (Wyrtki, 1973).
Equatorial waves play an important role in the adjustment of the ocean to the wind forcing.

Equatorialwaveshavebeenobservedin the Indian Oceanthrough moored(Luyten and
Roemmich, 1982 ) and drifting buoys (Luyten et al., 1980; Revetdah, 1983). They alsohave
beenanalytically studiedthroughnumericalmodelling (O'Brien and Hurlburt, 1974; Cane, 1980;
Gent et al., 1983; Reverdin and Cane, 1984; Han et al., B9@dheir effectson the coastswere
studied by Clarke and Liu (1993 ; 1994). More recently, interarem@haliesn 1994 and1997-
1998 have motivatedseveral studies using either observations- mainly TOPEX/POSEIDON

(T/P) altimeterdata- (Vinayachandraret al., 1999; Chamberst al., 1999) or numericalmodels



(Yamagataet al., 1996). Bothmethodsshow the importantinfluenceof equatorial waveson the
currentstructurealongthe Indonesianvest coast. Besides,recentstudiesof the dynamicsand
thermodynamic®f the Indian Ocean(Websteret al., 1999; Saji et al., 1999; Anderson,1999;
Reppinet al., 1999; Beheraet al., 1999) seemto convergetowardsthe existenceof an intrinsic
Indian Oceardynamicalmechanismpasedon coupledocean-atmosphernateractionsreferredto
by Sajiet al. (1999)asan Indian Dipole Mode, independenbf the El Niflo/SouthernOscillation
(ENSO).A betterunderstandingf the role of long equatorialwaves,andtheir reflectionon the
dynamics and thermodynamicsof the Indian Ocean may contribute to a more complete
description of important mechanisms at work in the Indian Ocean.

In the presentstudy, we areinterestedn demonstratinghe existenceof long equatorial
wave reflection in the India®@ceanfrom TOPEX/POSEIDONsealevel dataandin investigating
their impactfocusingon the seasonatycle computedover the 1993-1996period (avoiding the
large variability observedn 1997-1998)and on the interannualvariability (especiallythe 1994
and 1997-98 events). In Section 2, a description of data and methodology gwlebdn Section
3, reflection at both easternand western boundarieswill be demonstratedand discussed.In
Section4, the seasonatycle of both K and R1 waveswill be discussedestimatingthe wind-
forced and reflectedcontributionsto eachwave. In section5, interannualvariability will be
describedand discussedin the light of wind-forcing and reflection. Finally, summary and

conclusions are given in section 6.



2. Data and analysis methods

TOPEX/POSEIDON sea level data. The TOPEX/POSEIDON(T/P) sealevel datausedin the
presentstudy are provided by the Centerof SpaceResearchat the University of Texas.A
detailed description of the data processing and error analysis can be found inefahl€19094).
The sea level data are gridded on a 1° longitude by 1° latitude regulavgrigcycle. We usethe
first 230 cyclescoveringthe period Januaryl993- Decemberl1998. Data are first interpolated
onto a5-day regulargrid in time (i.e. with 73 time stepsper year). Dataarethen extractedover
the Indian Oceanbasin (40°E-100°E/15°S-15°N)As we examinelong wave propagationand
reflection, the T/P sealevel anomaliesare first computedrelative to a 4-year mean covering
January 1993-December 1996. Tdreomalougdataarethenfiltered in spacewith a 5°-longitude
Hanningfilter andin time with a 15-day Hanning filter. Interannualanomaliesare computed

relative to the 1993-1996 mean seasonal cycle.

Sea level decomposition method. The methodof Boulangerand Menkes (1995) is usedto
project sealevel data, denotedh(x,y,t), into the meridionalmodesof long equatorialwave as

follows:

N

h(x,y.1)= S r(x)R,(y) (1)

0

wherer, are the coefficientsto be calculatedby the methodand R are long wave sea level

structures (Figure 2a; n=0 refers to Kelvin wavegreaterthan O referto the correspondindong

Rossby waves mode). The sum is assumed to be finite (N=2Bpsdés:ngerand Menkes(1995)



for a discussion on the value of N). Only n=0 amd areanalyzedin the following. It shouldbe
noticed that the Kelvin and first Rossby modes have the same sign in sea-levelibhwuncgnts
(Fig. 2b), i.e. a positive coefficient for the Keluimoderepresentsa high sea-leveldownwelling)
and eastward currents while a positive coeffictentthe Rossbymoderepresentslso high sea-
level (downwelling) but westward currents. Boulanger Blehkes(1995)found that thesefirst
two waves explain more than 90% of the sea level variability in a 5°N-5°S band in the Kéeific.
find this resultto hold for the Indian Oceanalso. As for Boulangerand Menkes (1995) we

consider the first baroclinic mode only.

ERSwind stress data. We use ERS-1 and ERS-2 zonal wind stress data providdel@ientre
ERSd’Archivage et Traitement(CERSAT) locatedin the Institut Francaisde Recherchegyour
I'Exploitation de la Mer (IFREMER). The method used to convert the radar backsoatisured
by the ERS-1 and ERS-2 scaterometedescribedandvalidatedin Bentamy et al. (1996).The
final product used in the present study is gridded on a 1° longitude x 1° latitude grgléandis
a 7-day average wind stress field. ERS-1 data are avaitabteAugust1991to May 1996 while
ERS-2 data are available from March 1996 to December 1998. A¢Hafata,ERS dataarefirst
interpolated onto a 5-day regular grid in time (¥.8.time stepsper year). Wind stressanomalies
arecomputedover the period Januaryl1993-Decembet996. The anomaliesare then filtered in
spacewith a 5° longitudeHanningfilter andin time with a 15-daysHanningfilter. Interannual

anomalies are computed relative to the 1993-96 mean seasonal cycle.



Wind decomposition method. We used the methadiescribedoy Boulangerand Menkes(1995)
to calculate the Kelvin and firshree Rossbyforcing wind coefficients.Denotingthe zonalwind

stress anomalies by F(x,y,t), the method lies on writing first:

F(x,y,t)0_ N y
H

) (R, (y)C
=) b, (xt 2
o B 2P @
where b, are the coefficientsto be calculatedby the method and R(Y) and R(Y) are

respectively the long wave zonal current and sea level structure)Flidre sumis assumedo

be finite (N=20; se®oulangerand Menkes(1995)for a discussioron the value of N). Only bo

and [y are analyzed in the following.

Wind integration along the wave characteristics. In orderto estimatethe wind-forced Kelvin
and first-mode Rossby wave coefficients (denoted,byith n respectivelyrangingfrom O to 1,
the methoddescribedby Boulangerand Fu (1996) was used. This methodintegratesthe wind

coefficients along each wave characteristics assuming zero boundary conditions as follows: :

(at + rfric + COax)so = bo/(poH) (3)
(at + r.fric - CO/(Zn + 1) ax)sn = bn/(pOH) (4)
where'ric is a Rayleigh friction coefficient (chosen to correspondsixanonthtimescale)® is

the wave speed of the first baroclinic mode (2 m/s for a typical stratificatidw imopical Indian
Ocean)H is the thickness of thehallow-watetdayer (75 m), andPo is the density of seawater.
This choice of parameterggives a good comparisonto data. Our purposeis not to do a

quantitativecomparisorbetweenthe long wave coefficientsand our simple model but ratherto



identify the periods and regions of major contributions of wind fortantipe observedong wave
variability.

Unfortunately, as discussed in Boulanger and Menkes (1995), thedeamnpositiormethod
is not valid when the ocean basin northern or southeumdariesare closeto the equator(closer
than4°N/S). As a consequencédhe near-boundaryvind coefficientcannotbe estimatedby the
method. Although this may not have had a significant impact in studtynggequatorialwavesin
the Pacific Ocean,t may affect the evaluationof the wind-forcedwave amplitudein the Indian
Oceanfor two reasonsi-the basinis much smaller; 2-the wind variability (especiallynearthe
African coasts)is strong (Fig 1a). To remedythis problem,the equatorialwind variability is
comparedto the K and R1 wind coefficientsover the Central Indian Ocean.The correlation
between the equatorial wind stress and the KRhavind coefficientsis largerthan 0.90 at each
longitude.Thus a linear regressions computedbetweenthe wind stressand the K (resp. R1)
wind coefficients leading to a 1.25 (resp. -0.60) coefficient relatively constant over the
basinThereforethe methodintegrateghe equatorialwind stressmutliplied by the appropriate
coefficient over the entire Indian basin rather thawind coefficients.We arethus ableto take

into account the near-boundary wind variability.

3. Long equatorial wave reflection
Figure 3 displayslong equatorialk andR1 wavescomputedfrom sealevel data,but with

R1 inserted in between two similar K plates. The R1 plate hasHm&aontally reversedj.e. the



eastis on the left and the west is on the right in order to show the reflecting waves as
continuously eastward propagating waves.

Focusingon the easternboundary, good coherencebetweenthe impinging K and the
reflected R1 signals is observed until 80°E. Indeed comp&ringd R1 coefficientsat 92°E (Fig.
4a) shows that the twavave coefficientsare correlatedat 0.96 over the entire period. Moreover
the reflection coefficient (for which the explainedvarianceof R1 is the largest)is equalto 1.04
leading to an explained variance of 86% and a reflection efficiency of the eastern baifrzy
of that of an infinite meridionalwall. On the easternpart of the basin, K reflection strongly
influencesthe R1 variability over the entire period, but west of 82°E, the influence of the
reflection is reduced and thand forcing is moreimportant(Fig. 4b). At that longitude,the R1
signal starts to show a stronger semi-annual period, and the two waves are only correlated at O

At the western boundary, FiguBadisplaysalsocoherentsignalsbetweenthe two equatorial
waves. Indeed, at 50°E (Fig. 4c), the wave coefficients correlate at 0.8&e€agethe reflection
coefficient of the western boundary (for which tlainedvarianceof K is the largest)is 0.50.
It is worth noting herethat the strong variability of zonal wind nearthe African coastsmay
actually impact this estimate asstsometimedound to be eitherin phaseor in oppositephase
with the impinging R1 signal (Fig. 1a and Fig. 3b). The value of 0.50 is thereforean estimate
which will requirelonger time series.Moreover, it is importantto underlinethe fact that this
mean reflection coefficient actually hides a large seasonaland interannual variability of the
reflection efficiency of the African coast.Indeed,Figure 4c showsthat in March-April 1993,
1995, 1996 and 1997, a large downelling R1 wave results in a weak K waveinMeech-April

1994 and around September 1993, 1994, Hf51996, a similar K wave amplitudeis observed



although the impinging R1 wave is of weak amplitude. Similarly, froih-1997to mid-1998,the
K amplitudeis weakerthan the R1 amplitudealthoughlater the two coefficientshave similar
amplitudes. Various hypotheses damsuggestedo explainsucha largevariability in the K and
R1 amplitude ratio: 1-the local wind-forcing betweenthe boundary and 50°E influencesthe
impinging R1 wave and the generation of K wave. As will be shown in the follo{se®also Fig.
la and Fig. 3b), the wind-forcing near the boundary does not have the samephaseas the
impinging R1 waves being thus responsiblefor constructive/destructiventeractions;2- the
computationof the R1 wave coefficient near the African coast may be influenced by near-
boundarysealevel anomaliesrelatedto the intensity of the near-equatoriaboundarycurrents
known in Summerto veer eastwardnear 3°-4°N (Philanderand Delecluse,1983). This feature
might be responsiblgor the largeR1 upwelling amplitudeconfined nearthe boundaryin June-
August (seeFig. 5f); 3- the impinging R1 wavescaninteractwith the Somali boundarycurrent
(usually maximum around June-July). Suhinteractionhasbeenpointed out by Philanderand
Delecluse (1983) who focusexh the impactof the Rossbywavesonto the Somalicurrent.It is
likely that in periods of strongoundarycurrents,a non-linearinteractionbetweenthe boundary
current and the impinging wave can affect the R1 wave amplitude and its refl@tias®various
mechanisms should be investigated in a dynamical model in orbettey understandhe oceanic

conditions favoring or not the reflection of Rossby waves at the African coast.

4. Long equatorial wave seasonal cycle
Kelvin wave (n=0) coefficient. It takesroughly one month for the K waves(at a phasespeed

of 2m/s) to cross the India@ceanbasin(approx.6000km). Figure5a, b, c display respectively
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from left to right, the seasonatycle of the wind-forcing coefficientintegratedalong the oceanic
Kelvin wave characteristic{assumingno signal coming from the reflection at the western
boundary,cf. Section2), the seasonatycle of the reflectedcomponentpropagatingreely along
the K wave characteristics (the K boundary condition is the observed R1ana@& multiplied
by a 0.50 reflection coefficient), and the T/P Kelvin wave seasonal cycle coefficient.

Overall, the wind-forced compone(iig. 5a) explainsthe major featuresobservedn T/P
(Fig. 5¢). However, we can distinguishio regions:1-the westernindian Oceanwherethe wind-
forcedsignalis dominatedby an annualvariability althoughthe T/P coefficientsdisplay a semi-
annual variability;2-the centraland easternndian Oceanwherethe variability is mainly a blend
of semi-annuabnd annualsignals.Focusingon the first region (west of 60°E), the semi-annual
variability in the T/P signal resultsfrom the reflection of R1 waveswhose variability in that
region is strongly semi-annual(Fig. 2 and 5f). At the western boundary, there is a clear
competitionbetweenthe local annualwind-forcedandthe semi-annuateflectedcomponentsin
the rest of the domain,the wind-forcing appearso be the dominantcontributorto the K wave
variability.

As the 1993-1996period is short to compute a seasonakycle, even more so since it
includesthe 1994 event, the following climatological descriptionis qualitative and longer time
series are required to draw a more accurate description lwndpequatorialwave seasonatycle.
Figure 5c displaysa large upwelling amplitudefrom November,in the westernindian Ocean,to
April in the eastern Indian Ocean. The signal is largely dominated by the wind varialthigygh
reflected waves can contribute to the November-December wave obsertresT/P coefficients

but not in the wind-forcing. Despitea downwellingamplitudeconfinedto the easternboundary
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(east of 85°E) in November-DecemberK waves are contributing to the Fall Wyrtki jet
destructively in October-November over most of the basin. From April to Augud, signalin
the central and eastern Indian is strongly downwelliagk wavesare contributingto the Spring
jet constructivelyover the entire basin. Overall, the T/P signalis semi-annualin the western

Indian, and rather annual in the central Indian, and more complex near the eastern boundary.

First-mode Rossby wave coefficient. Figures5d, e andf show the wind-forcing coefficient
integratedalong the oceanic R1 wave characteristics(assumingno signal coming from the
reflection at the eastern boundary), the reflected component propagating freely alRigiree
characteristics (the Rloundaryconditionis the observedK waveat 92°E multiplied by a 1.04
reflection coefficient), and the T/P first-mode Rossby wave @®gjficientsrespectively.R1 are
three times slower than the Kelvin wave as suggestedby long-wave theory, i.e. it takes
approximately three months for a R1 to cross the Indian Ocean basin from east to west.

The integrated-windsignal (Fig. 5d) is strongly semi-annualwith downwelling (positive
coefficients)R1 reachingthe westernboundaryfrom Januaryto April, andin Fall. Upwelling
(negative coefficients) R1 can be observed from Kapugust,andfrom Novemberto January.
Although the major patterns of variability areproducedy the wave model, largediscrepancies
are observed near the eastern boundary. Most of these discreganaetially be explainedby
wave reflection (Fig. 5e). Indeed,large upwelling anomaliescan be observedfrom Januaryto
March, and weaker upwelling ones around September.Neither is simulated by the wind
variability though they are clearly observed in the Gdefficients.Similarly, large near-boundary

downwelling amplitudescan be explainedby wave reflectionin May-July and in November-
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DecemberThus, dependingon the period of the year, the reflectedand wind-forcing signal are
either in phase or in opposition of phase, and reflection is found to play anslajor explaining
the observedariability eastof 80°E. As a consequencef the interactionbetweenreflectedand
wind-forcedwaves,R1 signal shows a markeddipole during most of the year (October until

June). This dipole reverses sign in January-February.

5. Interannual variations

The 1994 event. In 1994, remarkable climatic conditions in the Ind@ceanwerereportedby
severalauthors(Yamagateet al., 1996; Murtuguddeand Busalacchi,1998; Beheraet al., 1999,
Reppinet al., 1999; Sajeet al., 1999; Chamberst al., 1999; Vinayachandramt al., 1999). These
anomaliesare observed simultaneouslywith weak warm anomaliesin the Pacific Ocean
(Boulanger and Fu, 1996). Unusual westwardd anomaliesvere observedn the Indian Ocean
east of 60-70°E from April to November 1994 (Fig. 1c). Upwelling alongtiastof Javacooled
the Southeasterrindian Oceanand Ekman transport pushedthe warm waters to the west
(Vinayachandraset al., 1999; Beheraet al., 1999; Chamberst al., 1999). The Wyrtki Jetswere
very weak in Spring and Fall 1994 (Reppgiral., 1999, Vinayachandraat al., 1999).

In terms of K and R1 waveariability, Figures6 and 7 display similar platesto Figure5 but
for interannual anomalies. The K coefficient (Fig. 6) is stromigigninatedby the wind anomalies
locatedeastof 70°E (Fig. 1¢) and generateda strong upwelling in that region. This signal was
strongly reinforcedby wave reflection into R1 (Fig. 7) while the wind-forcing favored large

downwelling R1 wavesin the centrallndian Ocean.Although this signal propagatedvestward,
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the east-westdipole signaturein sealevel was mainly betweenthe centraland easternindian

Ocean. This feature contrasts with the large anomalies observed in 1997-1998.

The 1997-1998 event. The 1997-98EI Nifio is known asoneof the strongesteventsof the
century (in competition with th&982-83EI Nifio). Its effectson the Indian Oceanaretherefore
likely to be evenlargerthanduring the weak1994 event.In the Indian Ocean,large, persistent
easterly wind anomaliesre observedover the entire basin(Fig. 1c) in May-June1997 at atime
when the eastern edge of the warm-pool in the Pacific basin had atneadgeastwardby more
than 20° (Boulangerand Menkes,1999; Boulangeret al., 2000). Whetherthesetwo featuresare
dynamically connected is an open question. A large upwellimgae propagatedhroughoutthe
basin(Figs. 6a, c). Later the wind andwave anomaliedecreasedand it is not until September
1997that the Indian Oceananomaliegeally developedwith large easterlywind anomaliesfirst
located east of 70°E which then propagatestward.Simultaneouslha large upwelling K signal
reached theasterrboundarywhereit reflectedreinforcingthe local upwelling. The reflectedR1
signal clearly influenced the wind-forced componenteast of 75°E (Fig. 7b). A huge R1
downwelling wave propagated westward until it reflected abthendary.The sumof K andR1
wave signal created a large dipole signal between the eastern and western boundaries éméancin
east-west sea-level gradiedgscribecby Websteret al. (1999)and Saji et al. (1999).Long-wave
reflection contributed significantly to the increaseof the local sea level anomaliesat each
boundary.Thus they canbe seenas reinforcing and potentially lengtheningthe anomaliesn the
Indian Ocean.In early 1998, the wind anomaliesweakenedsignificantly (Fig. 1c). The event

terminatedin April-May 1998with the onsetof the borealSummermrmonsoon.Saji et al. (1999)
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mention a seasonal phase locking as an important characteristiddoptie Mode. It may seem
that the interannualanomaliesdevelopwith the onsetof the boreal Summermonsoonand that
they last until nextyear’'s Summermonsoononset.To fully understandhe processesn role in

the developmentand terminationof suchinterannualanomaliesrequiresto take into account

thermodynamics within the upper-layer.

6. Summary and Discussion

In this study, the propagation aneflection of long equatorialwavesin the Indian Ocean
have been analyzed through ERS a@PEX/POSEIDONdatafrom Januaryl993to December
1998, using Boulangand Menkes’s(1995) decompositiormethod.Eventhoughthe oceansea-
level variability is more complexthan whatcanbe explainedby linear dynamicsassumingone
baroclinic mode, this methodoffers a powerful approachfor describinglong equatorialwave
variability. Our analysisconcernedthe Kelvin (K) and the first Rossby (R1) mode. Their
propagation(2m/s for the K mode and 0.7m/s for the R1 mode) are well monitored by the
satellite.
For the seasonatycle, their behaviorcanbe summarizecasfollows. Both K andR1 wavesare
triggered by the semi-annuaind reversalduring the monsoontransitionmonthsin March/May
and September/November. K waves hawtrongerannualsignalwhile R1 havea strongersemi-
annualsignal. K wavescontributepositively to the Wyrtki Jetin Springand negativelyin Fall,
while the R1 has a slightly negative contribution in the Wyrtkidd&pringanda positive onein
Fall. Reflections at both boundaries are observed and quantified: at the bastaiaryK reflect

into R1 with a reflection coefficientof 1.04 (reflection efficiency of 85% of that of an infinite
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meridional wall) and at the western boundary R1 reflect into K with a coefficient of 0.50
(although it is worth noting a large seasoaiadlinterannuablvariability of the reflection efficiency
of the African coast). Due to the small size of the Indd@meanbasin,reflectedwavesinfluencea
large part of the Indian basin. At the westernboundary,R1 reflect into K waves and are
responsiblefor its near-boundarysemi-annualsignal. Reflectionsof K waves at the eastern
boundaryfrom Octoberto May contributeto a semi-annuatast-westdipole patternin the R1
signal.

Within the period of study, two anomalous events were observed in 1994-99an®8.
Both eventsstartedin April andwere simultaneouswith El Nifio eventsin the Pacific. Strong
easterliesn the easternindian Oceaninducedcoastalupwelling along the Indonesiancoastand
westwardequatorialcurrentswere observedn K and R1 signaturegnegativecoefficientsfor K
and positive for R1). When botlhaves reached their respectiveboundarieghe reflectedwaves
reinforced the sea-level signal of the impinging ones. An east-west sea-level dipole was generatt

Our study strengthenghe fact that the Indian Oceanresponseto the easterlydivergent
winds over Indonesiain 1994-1995and 1997-1998is the mirror image of that in the Pacific
(Chambers et al., 1999). During such events, through their propagation and reflection,abdth K
R1 modescontribute to amplifying the east-westsea-levelgradientinduced by the easterly
winds- i.e. shallow upper-layerin the eastanddeepin the west. Associatedwith that sea-level
dipole, an east-westtemperaturedipole (cold in the eastand warm in the west) has been
observed. It appears to be mainly due to westward Ekraasportinducedby easterliesyhich
push the warm waters towards the west and bring subsurface cold twwateesurfacealongthe

Indonesian coasfThe K andR1 waves,by increasingthe east-westsea-levelgradient,are likely
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to contributeto this SSTdipole. Further,aslong equatorialk and R1 wavesreflect, their zonal
current signaturescounteractthe wind-forced zonal current signal and may then weakenand
potentially reverse the westwandnsportof warm temperaturecontributingto the termination
of interannualanomalies.Thereforewave propagationand reflection are important dynamical
processes in the Indian Ocean on seasonal and interannuatéheslf therearecoupledmodes

in the Indian Ocean’svariability K andR1 wavesare likely to play an importantrole in their

evolution.
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FIGURES

Figure 1: 2°N-2°S section of ER®nalwind stressof (a) anomalieselativeto the 1993-1996mean,(b) seasonal
cycle computedover the 1993-1996period with the 1993-1996meanretrieved, and (c) interannualanomalies
relative to the 1933-1996 seasongtle. Units arein N/m” and contourintervalis 0.02 N/m®. Positive (negative)
coefficients are white (gray).

Figure 2: Meridional structures of sea level #4ad zonal current(b) for Kelvin andfirst- Rossbymodes(calculated
for a 2m/s Kelvin phasespeed).Each wave amplitude at a given latitude can be obtainedby multiplying the
meridional structureto the calculated coefficient, yielding to cm for TOPEX/POSEIDON sea level anomaly
coefficients or N/m2 for ERS wind stress anomaly coefficients.

Figure 3: (left) Longitude-timeplots of the TOPEX/POSEIDONKelvin wave coefficient (from 44°E to 96°E),
(middle) the first-mode Rosshby wave coefficient (in reverse display from 962E° ), and (right) the Kelvin wave
coefficient(from 44°E to 96°E; repeatedfor comparison).Contour interval is 5cm for both coefficients. Positive
(negative) coefficients are white (gray).

Figure 4: (a) Time series 82°E of the Kelvin coefficient(solid line) and the first-mode Rossbycoefficientlagged
(backward in time) by a 10-day period corresponding to the time it takes the Kelvin waaehthe boundaryand

to comebackas a Rosshywave at 92°E (solid line); (b) Sameas (a) but at 82°E and the first-mode Rosshy
coefficient is lagged by a 20-day period corresponding to the time it takes the Kelvin wave to reach the laodndary
to come back as a Rossby wave at 82°E; (c) Time series at 50°E of the ¢telfficient (solid line), the first-mode
Rossby coefficient lagged (forward in time) by @-day period correspondingo the time it takesthe Rossbywave

to reach the boundary and to come back as a Kelvin wave at 50°E (dashed line).

Figure 5: Longitude time-plot of the seasonal cycle of (a) the ERS wind coefficient integiaigdhe Kelvin wave
characteristicfassuminga 2m/s baroclinic phase speed); (b) the reflected first-mode Rossby wave amplitude
propagatedalong the Kelvin wave characteristicfassuminga 2m/s phasespeed);(c) the TOPEX/POSEIDON
Kelvin coefficient; (d) Same as (a) but along the first-mode Rossby wave characteristics; (e) the rfleatiedave
amplitude propagated along the first-mode Rossby wave characteristics (assuming a 2m/s hairaséspeed);()

Sameas (c) but for the first-modeRossbywave. All coefficientsare dimensionnalisedcontourintervalsare every
5cm). Anomalies are computedrelative to a 4-year mean (January 1993-Decemberl996). Positive (negative)
anomalies are white (gray)

Figure 6: Longitude time-plot of K interannualanomaliesof (a) the ERS wind coefficient integratedalong the
Kelvin wave characteristic{assuminga 2m/s baroclinic phasespeed);(b) the reflectedfirst-mode Rossby wave
amplitude propagatedalong the Kelvin wave characteristics (assuming a 2m/s phase speed); (c) the
TOPEX/POSEIDONKEelvin coefficient. All coefficientsare dimensionnalisedcontour intervals are every 5cm).
Interannualanomaliesare computedrelative to a 4-year mean seasonalcycle (January 1993-Decemberl996).
Positive (negative) anomalies are white (gray)

Figure 7: Longitude time-plot of R1 interannual anomalies of (a) the ERSawgfticientintegratedalong the first-
mode Rossby wave characteristics (assuming a 2m/s baroclinic phase speed); (b) the reflected Kedviphtvase
propagatedalong the first-mode Rossby wave characteristics(assuming a 2m/s phase speed); (¢) the
TOPEX/POSEIDON first-mode Rossby wave coefficient. All coefficientsdareensionnalisedcontourintervalsare
every5cm). Interannualanomaliesare computedrelative to a 4-yearmeanseasonactycle (January1993-December
1996). Positive (negative) anomalies are white (gray)

22



Jan 98 ' =L ————

Jan 97

Jan 96

Jan 9555 >

Jan 94 = i 7 e =

—
=

—

mum Mﬁjﬁa&m MHW\W \Wmm\\ﬁ

50E 60E 70E 80E 90E 50E 60E 70E 80E 90E 50E 60E 70E 80E 90E
Longitude Longitude Longitude

Figure 1 (Le Blanc and Boulanger, Climate Dynamics, 2000)

23



Long wave sea level structures
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(a) K and R1 time series at 92E
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(a) R1 model (no bdy limit) (b) R1 model (T/P bdy limit) (c) R1 T/P coef.
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