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Abstract

$ connection is found between African easterly waves (AEWIS,; XDWRULDO ZHVWZD

PRYLRLIHG 5RVW\DEALW\ 05*DREBYXIVYDOHQW EDURYWHMSLF 5R\
5:V I[URP WKH 6RXWKHUQRKHHPESOKWXIBEH6BQG SKDVH RI HTX

FDOFXODWHG E\ SUEDPWKFW ORQOEVHBUBPPGDWD RQWR D KRUL]F
EMLY REWDLQHG IURP HTXDWRULDO ZDYH WKHRU\ OHFKDQL
ZDYH W\SHV D BEW @dHdQriihated HyGrorticity wavewhich tilts eastward
belowthe African Easterly Jetnd westwarslabove: the tilt necessary for baroati wave
growth. However, atrongrelationship is identified between amplifying vorticity centres
within AEWs andequatoriaWMRG wavesAlthough the waves do not phaeek, positive
vorticity centresanplify whenever the crossquatorial motiorof the WMRG wavdies at the
same longitude in the upper troposphere (southwards flow) and east of this in the lower
troposphere (northwards flow). Two mechanisms could explain the vorticity amplification:
vortex stretching below the uppeppospheric digrgence and ascent associated with latent
heating in convection in tHewer-tropospheric moist northwards flow

,Q \HDUV RI VWURQJ $(: DFWLYLWVURSRNVN@® HHUXD VRRIUWDLD @ L
PRUH HDVWHUO\ 6WURQJHU HDR/MIHREROEAOW KD KHIW ZR5H | ZDFW
WKDW WKHLU SHULRG YDULHG®DVWDQGE ZIL WKKAHD YHHIDEER] 2
PRYLQIJWRUWRSDIJDWH LQWR WKH WURSLFDO ZDYH JXLGH IUR
PDWFK WKRVH Rl :05* ZDYHV FHQDBVOURQY RXMMEDLTKHS:B1%* ZD
KDDHRIDVWZDUGY JURXS YHORFLW\ ZLWK ZDYH DFWLYLW\ DF

LQYLIRIDWDOWQINLPLODU IUHTXHQFLHV WKURXJK WKH YRUWL

Key words: AEWSs, equatorial waves, Rossby wavesyave interaction, vortex stretching

phase speed matg tropical wave guide
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1. Introduction

$IULFDQ (DVWHUO DD KD\RZHU WURSR VISEHW UBREAYWIX U E D (
DQG SURSDJDWLQJ ZHVVZDURPW RIF UIRVRSDRQGWRPEWLPHYV
FRQW LODMAXNLRMY WR WEKHDAERODWIHHEHDQ $YLOD DGV XMXBPIKO O\
DSSHDU D QmEFOIEFRIQWKQXH. O 2FWREHU KRHG RIIRLYHIPEH WIBUHFLSL
RYHU :HV Wwosluldthgr@nfall throughthe initiationand organization of mesoscale
convectivesystems and squall ling€arlson 196B; Duvel 1990; Diedhioet al.1999Fink
andReiner2003 Mekonnen eal. 2006; Crétat et a2015 which produce intense
precipitation Mesoscale convective systeascount forover 8@ of total annual rainfall in
the Saheld.g.Laurent et al. 1998nd Mathon et al. 2002 AEWs exhibitstrong interannual
variability: a mgor influence on the occurrence mfecipitationand climate impastacross
the regionHere, a keywim is to identify the physical mechanisms which are important to
AEW amplification propagation and the variability in wave activity.

$(:VDUH REVHKDODYVYHEURRGGD\Y%WXUSHH DZHV/QWXZDUG SKDVH
VSHHG RI DPRXSWMHG HW BWOLFH HW DIOHWUSLFD@DORIQODIDQ IJW K
KDV BHHERUWHG WRNPHRQDDYHQXWEHU LKWDUO\ W XGLHYV
Carlson196%; Burpeel974,1975; Reed et al. 1978 XW VRRHEH O NPN
LORPHDWHU N W}dlotatal. 1999 andLODGLY HW DO

&\FORQLF YRUWLFLW\ FHQWUHYV ZLWKLQ $(:V VHHG D ODU
WKHWRBWQDRWN F DXXYEBDVFWQGVHDDQMIAHAD HW DO
7TKRUQFURIW D Q Guith Rlssu 180%6 of Atlanti¢ropical cyclonesand weak
hurricanes originatg from AEWs and approximately 85% of intense hurricadeselopng
from AEWSs (Landsedl993) It hasalsobeensuggested that nearly all of the tropical
cyclones that occur in the Ed3acific carbe associated with AEWs propagatingm the

Atlantic (Serra et al, 2010) and possiligced back to Afric§Avila and Pasch 1995)
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Therefore understanding thenplification intensity and phase speeds of AEM/anporant
for weather forecasting in the tropics and extratropics.

However, @spite dong history of researabn AEWS understandingf the mechanisra
behind thedynamics and variability of AEWSs is stdjualitative and incomplet&urthermore,
there are severe deficiencies in the simulation of the initisgimplitudeand phase speeds of
AEWSs in both numerical weather predictifBerry et al. 2007AgustiPanaredat al.2010)
and climate simulationg here are a number of studies relating imateal variability in
AEWs to the global circulation of the atmosphere. For example, Nicholson (2009) argued,
using one wet and dry year across West Africa, that the strongest difference in tiseddege
flow between the years was seen in the upper tpipos, rather than in the lower
troposphere at the level of the African Easterly Tké year with stronger precipitation had
stronger monthly mean ascending motion in the West Africarbedinstronger divergent
outflow (equatorwardlow south of theain belt) and a stronger Tropical Easterly Jet (in the
equatorial upper troposphere). These observations are all consistent with a stronger
meridional circulation (local Hadley cell) across Afrielowever, thdink with AEW activity
was unexplained

Elsewhere &ross the tropics,m@elopes of active convection and the location of
convective systems aadsofrequently observed to be related to the structure of-{scgke
waves Equatorial wavesvith an internal first baroclinic mode structure in tiestical
includingthe Kelvin, mixed Rossbgravity and Rossby waves identified from different
branches of the dispersion relation derived by Matsun@gj18re fundamental components
of the tropical climate systeand have been shown to dominate preaimnh variability
across tropical ocean basins (e.g., Wheeler and Kiladis 1999; Molinari 2004; Yang et

al.2007a Yang and Hoskins 2013).
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(TXDWRULDOHZWYIBDWSHG QHBDRWRBEDHD)BYBQOWEWY HUW L FI
G L UH F¥DLRIQWW DO DQ®QJ DQG +RVNLQMXQG WKDW WK
WURZLBDBOQWKHRSRWH QW LWROP DRHRWPHDROU RO RJISFIRMBERWO\V LYV
VWURQIWRMTXDWRURROHOIVHE RKHQ WKHRU\ RI D UHuMWILQJ DWP
VKRWKH KRUL]RQWIV& H/ WHKXHMREIHM\RPWULGLR@DO ZDYHQXI
ZHVWPRYGQJ HTXDW R WIMWIKH @é&stiverdm&/BgHnixed Rossygravity
(WMRG) wave anch=1 or 2 Rossbywaves(denotedR1 and R2)It is seenthaD OW KR XJK WKH
DUH HTXDWRULDPDQ WDDIS SHWU RMKIHVRWDWLRQDO DQG GLYH
DW D GLVWDQFAVEHWRUR |LRMW D) VW UDF WX@MD B 8 §IDFXK PRGH
VFDOMHHH (A majortheoreticakhallenge is thahe zonal flow across the tropical
Atlantic and Africa (north of the equator) is strongly sheared with the existence of the African
Easterly Jet (AEJ peaking at 600 hPa near-20°N) and Tropical Easterley Jet (TEJ
around 200 hPa nearer the equatbhe shear on the AEJ is thought to be essential to the
existence of AEWSs througdtaroclinic and barotropishear instabilityfHall et al 2006;
Cornforthet al, 2017) In contrast, equatorial wave theory does not deal with shear which is
why the horizontaimodes (Fig.1) are untilted in the zonal direction. Nevertheless,
equatorial wave structures form a useful orthogonal basis where the horizontal velocity
components and geopotential are coher8ntNH\ PRGLILFDW L RQHUMMFOW LAIQ IA)
VKHDUWKDW WKH GDWD SURMHFWHG RQWR WKH KRUL]JRQWDO
ZDYH PRGHV WKDW DUH WKDW@WIHGQA WHEDWIHIKW D O D

5SHJLRQV RI DFWLYH LEDWDH \UBYHRI BROYHBWALRWKH G\Q

WIOHD WHDOH ZDYHYV

$SFURBVYVLFD DQG WKXKH$ WMHOWNLEGSA R IOH | RYDOXFXKRYWURQJHU
WKDQ HOVHZKHVU I X MWK H K\HWRS RO H W KDHQH/ WMKUDXNFRAVUXLUUWDHOVO R |

WUDSSHG DONH BOPWWWYHUODREVMWURQHIVIKRHDPW $SOWKRXJIK H°
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WUDSSHG ZDYHV REWDLQHG DV QRUPDO PRGH VROXWLRQV
|OR Z XOQUW LFOUMHKR JRQDQWRHGDERQQJ WKHVH SURSHUWLHV D
VKHIQ WKH JROBOWDRIZO ZLQG VKHDU DOV B RNOMER MHGLQWH |
JUDYLW\ BEYWHKWRZQ IR D[ MWZROBE\HOWDD RBGHARKH DLP RI WKLYV
VWXE\WR LGHQWLI\ LOQWHUDFWLRQWEIDWIHB @ BKNMDIRG H T >
HITHFWV RQ $(: ¥ SOAUDMED O UW K X VLIQW R QAERYWKL RO@* ZDYH
D FW ISYURNS\D IDONRIGQUIWKH HTXDWRU DQG HHAFDWM P WAQRQW EWHKRW
5RVVE\ ZDYHV IURP WKH 6RXWKHUQ +HPLVSKHUH

The paper is organized fdlows. Section 2 describes theanalysisdata andnethods
usedfor vorticity trackirg, spatietemporal filtering spatial projection onto wave components
andtheregression techniqu&ection 3 presest climatology ofthe distribution o AEW
intensity, both spatiallythrough tracking positive vorticity centres within AEVésid also in
zonal wavenumbefrequency spaceThe interannual variability isalsoexaminedSection 4
presenta case studgf AEWs occurring duringheactive1995sumner seasorandthe
associated tropicalyclogenesisevents Re-analysis data is projected onto the horizontal
structures of equatorial wave components (on pressure levels spanning the troposphere) and
the link between westward propagating wave structuréshanvorticity centres of AEWSs is
examined in detailn Section 5,hecase study findings are extended to the entianedysis
period by calculatingveragehorizontal and verticadtructure relative to theAEW vorticity
centresusing a lagegression analysiSection 6 examing$edifferences irequatorial wave
activity and the seasonratean flowbetween years aftrong and weak AEVéctivity.
Dynamical mechanisms linkynthe different waves are idenéfl usinghe theory for wave

propagabn on the observed seasomaéan flow.Conclusiors aredrawn in Section 7

2. Data and methodology

a. Data
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The data used in this study ait®m theEuropean Centre for MediuRange Weather
ForecastfRe-Analysis ERA-Interim (data available from ECMWH)ee et al2011). The
fields used aréhe horizontailvinds {, v) and thegeopotential heightZ) for the periodrom
1979 to 2010The fields are availabl&-hourly with horizontal resolution of about 0.7° and at
37 pressure levels from 1000 to 1 hPlae proxy used for tropical convectionMOAA
interpolated daily outgoing longwave radiati@LR) for the period from 1979 to 2010
(Liebmann and Smitth996).
7KH WURXJKV RI1 $(:V FDQ EH W UFXBDNHDG ERIUIGMEMML I\LQJ W
YRUWLHQWNYW MAKB OMYHO RI3WKHWKLY VWXG\ WKH YRUWLFLW
WUDRKNH&B WHWKRFRABRDFURREIBIGDQG +RSVFK HW DO
The vorticity field used is spectrally filtered, where the total wavenumbers equal or smaller
than 5 are removed and the fieddruncated to T42 and the spectral coefficients tapered to
suppress Gibbs oscillationg. KH WU BRNVYRIYWLF MYWFHQEBWH DPSOLWXG

ODUJHU WKVYQUH XVHG WR UHSUHVHQW WKH SKDVH SURSDJ

EBasicequatorial wave theorgnd identification of equatorial waves from data

Following Matsuno (1966andGill (1980, 198), equatorial waveheory is based on
linearization about a resting atmosphere and separation of the vertical structure from that in the
horizontal The horizontal and temporal behaviotloéu, vandZ satisfythe linearizd shallow
water equations witlgravity wave speed, the separation constant from thertical structure
equation that can also satisfy relevantface and upper boungiaconditions This is possible
only for discrete valuesf the separation constamt= NH/m (Bvherem is the vertical mode
number H is the height of the tropopaused it is assumed thtie tropopause acts as a rigid
lid.

Forthehorizontal equationshe representatioof u, v andZ fields are of the form

{u, v, Z}={U(y), V(y), Z(y)} expli(kx- &), (1)
6
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wherek is the zonal wavenumber anflis the frequencyThe equatorial wave solutions are

mosteasily formulated in terms of new variablgst andv (Gill 1980) where

ML%}OE QéNL%DOF Q )
There is the Kelvin wave solution with zerand ~ A/c., and there are solutions with nraaro
v with the dispersion relation

EF?@fFQ—’GﬁL:tJEs;é BKBOL résa 44 3)
wheren is the meridional mode number anis “f/ Q. Snce the Kelvin wave satisfies this
relation withn 1, this notation is conventionally used to labeTie Kelvin wave is
eastward moving. The=0 mode is the mixed Rosslgyavity MRG) wave whichhas both
eastward (EMRG) and westwantbving (WMRG) solutions. Fan=1 and higher there are
westwardmoving equatoriaRossby waveand both eastward and westwandving gravity
wave solutions.

The meridionaly) structures of thevaves satisfying the shallow water equations on the

equatorial -planeare parabolic cylinder functions

a 20
SERNITELN P @
&t «4 @iy, 021

where UL 256 ©)
is the meridional scal®,is proportional to a Hermite polynomial of orderand thevaves

are trapped at the equator on a sddlé Yt U,

Although te separation of the vertical and horizontal structures is pe$sita
resting atmospher@ general the separation of variablesobserved atmospheric
disturbancess not possiblelue to shear in the zonal floandthe lack of rigid lidso that
analysis in terms of vertical modes and horizontal wave structuressginty valid. Hence
in Yang et al (2003) amethodology to identify equatorigttrappedwaves in observational

datawas developed.n thisstudyno assumption about the vertical structure or dispersion

7
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relation is made, but at each level the fields in the tropics are projected odiibeitent
equatorialave modesising theirhorizontalstructuregdescribed byaralwlic cylinder
functionsin y and sinusoidal variation x

Guidedby basic equatorial wave theotihe parabolic cylinder function

expansiongre organized and describedi@tows:

n f

9 9D, @D, | 0,,D,;
nl
n f

v 0 vD, !vD,
nll
n f
r 0 0 1 1,0, s (6)
nl
n n n

n 1 n 0 n 12..

These functions form a complete and orthogonakbasad the projections in Eq)(6
are quite generalwith goDo describing the Kelvin waveg:D1 andvoDo describingn=0 MRG
waves, andgn+1Dn+1, vaDn @andrn.1Dn.1 describingn ¢ equatoriaRossby waves or gravity
waves. The theoretical horizontal structures of equatorial waves have been shown in a
number of previous studies (e.g., Matsuno6 9&kayabul994; Wheeler et al 2000 and
Yangetal. 2003).The horizontawinds and divergence géie WMRG, R1 and R2 wavéisat
are relevant to this studyeillustratedin Fig.1.

It is often convenient to identify the components of the projection with their resting
atmosphere labels, but it is not assumed that thes®mainal modes of the system. In
particular, different wave components may together make up an observed structure and their
relative amplitudes may vary in timéor example, if a strong wave in vorticity exists at 10
15°N (typical for an AEW) but there is no disturbance in$heat the same level, then this
would pioject strongly onto aombinationof R1 and R2 in phase in the Northern Hemisphere
(NH). The two structures wddithenapproximately cancel in tHéH in bothvorticity and
divergencgas seen from Fig.1Yhis does not imply thdhese structures evolve just as R1

8



195 and R2 modes would on a uniform flotindeed the AEW exists in the strongly sheared

196 environment of the AEHowever, as a basis the structures aeful becausa, vandZ are

197 consistent with propagating wave features (albeit only exact solutions in the absence of wind
198 shear). If a strong projectiaf tropical windsonto an equatorialjrapped wave structure is
199 found (as will be shown for WMRG waskgfurther work is required to establish whether or
200 not this structure propagates coherentlthefashion predicted, at least qualitativeby

201 equatorial wave theory.

202 This horizontalprojection techniqueapplied on each level independentigs been

203 successfully employed in a numbemoéviousobservational studies for convectively coupled
204 equatorial wavesYlang et al. 2007a,hb)cequatorial wave behaviors in different QBO phases
205 (Yangetal2011, 2012 and different ENSO phaseganhg and Hoskins 2B, 2016 andhas

206 beenused to validate model simulat®aof equatorial waves (Yang et 2009)

207 c. Statistical aalysis procedures

208 In this study, the projectiomethodology described above will be used to identify

209 equatorial waves arttien connecthem with AEWsusing a linear regressiagachnique In
210 detail the analysis methoddescribed as follows:

211 i). Filter datain thewavenumber and frequendpmain

212 Before projectioronto the equatorial structure basie dynamical fields, g andr

213 between 22N and 24Sin theglobaltropical beltareseparated into eastward and westward
214 moving components using a spdtre spectral analysishich transforms data fronthe x-t
215 domain intathek- &domain by performing-® FFT in the zonal and time doton (Hayashi
216 1982) The data is filteredising abroad spectral@mainwith zonal wavenumbe#d0 <k < -3
217 and period of 280 daydo definethe westwaremoving componeist Note that the

218 convention chosen here is that0 butk is positive for eastward and negative for westward

219 phase speeds (see Fig. Biis filtering domain isvider than the 35 or 26 dayfilter used in

9
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manyother studies oAEWSs. The lowercut-off of 2.5 daysremoves thediurnal cycle, and the
upper cutoff of 10 dayss aimed to removtraseasonal variabilityfhere is a gap in power
spectra between periods of 10 and 20 days and other authors hattasisepartition
propagating equatorial waves from the Maddahan Osillation (e.g., Schreck et.&2012
used an upper cuff of 17 days).

ii). Project westwardiltered componerg onto horizontal structures afquatorial waves.

TheFourier coefficientge.g.,V(y) for eachk and & of westwardmovingv, g andr are
separatelyprojecedonto paraboliccylinder functions as in Eq. (o obtain equatorial wave
modes To do this it is necessary tiost specify the meridional scalg (or equivalently the
trapping scalgt) and hencéhe speed., so thatg andr can be formed fromr andZ
according to Eq.(2)As in previous studies (e.g., Yang et al. 2003, 2006,/@,2012),yo =6°
(trapping scalg: |8.4°) isused. The value gb is determined from a best fit to tidatg
althoughit is found that the analysis is not sensitive to the particular valcleosenyo (Yang
et al. 20032012).From Eq. (5, ceis determined to be about 20 tnFhis c. is used only to
create the newdependent variablegandr from u andZ and later to reverse thvariable
transform.

iii) Transform the Fourier coefficients for each wave mode li@ckphysical space.

The projectedh=0, 1 and 2componentsvill be refered to as WMRGR1and R2waves
respectivelyNote that although the winds are brdaahd filtered before projection (for each
k andn) the fields obtained by the inverse transform capture variation in wave component
amplitude with longitude because the range in zonal wavenumber is broad

iv) Regressg waves ontéEW vorticity centres

To investigate the relationshigetweerequatorial waveand AEWs linearregression
teciques similar to thoseeveloped in Yang et.g2007a b) areused taegresshe

horizontal winds othewestwardmovingequatorial wavesnto vorticitycentredrackedat

10
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600 hPaacross West Africa anthetropical North Atlantic The regressiors based on

considering théorizontalfieldsin a frame wher¢helongitudecoordinates expressed

relativeto the position of eaclpositive vorticity centréracked through a regioMore

specifically in the regressiotheindependentY D U L D E (alie loftheAtr&ckiedrorticity at

the location of the maximurhDOOLQJ D Q\ZBVWBHF DIHBIKRQ M J X

DQ& R DVKRZQ LR )LIKRUL]RQW D OZH\QN5Z DAHE®HEWH G
FRPSRQHOWAYRMWHFWHG HVY R DWKRH GBG HOGHEW X DQEIVEBDE 8V
HDFK ODWLWXG H DDJHG UHVIRUBHDY /KNG HMNYRBURWV L LW FoH QLW B DV
ORQJLWXGHKHY HHWRME ¥ $dgdpate regression equation for each grid (oint

the featurerelative frame) The linear dependencé thewind fields carthen be mapped by
applying the regression equation &axd grid point The regressionanalsobe performedy
applying a lag to the dependent variables (wind fields) relative to the independent variable
(central vorticity)to investigate théime evolution of waves and theional propagationThe
regressions performedverall 32 JuneSeptemberJJAS seasorconcatenatetb obtain the
climatology of the wave behaviour Section 5 It is also performedver6 strong andb

weak AEWseasons$or strong and weak AEW casés examine theidifferencedn Sedion

6. The student fest is usedb test the statistical significanéar regressiorcoefficientsand
difference fields between strong and weak AEW years. The significance level of 95% is used

in all relevant figures.

3. Climatology of AEWs and equatorial wave variability

JLIXUBE VKWHKHRJUDSKLF RUVIWHTL ERRFFEKR@PGFBEPSOLW XGH
R1 SR VYLRVULWHHQ WWID® M BRBANVLQJ WWKURXIEBEL FR1 LQ
--$6 W LV WIBHQ VYXYWWKKEWRBGE RYHU WKH $WHKHPQQ FR
DFURVV WKHAHKBNRAD YWWKGH UDQJH RI| RFFEKLERNMHBHWRIDE VL C

EHWZHHQ $(:V DORRYHQWHDXOBOWRULD OON RAUUNDLSFSYEK BBEV) MAU H
11
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SURSDJDWH WRS WHKWH ZHIfNHE B WINVRXPGEBEUHF X WURSLFDO VWRUP
KRZHYWIBHFFXUUHQPHHQF\ LV PKBKHIRZKHUHPIRWWNMBIYBOHQW
LGLYLGHGHQMRRD¥ K VSHFQRQQUW XTODWQBLQGH FDWHG E\ WKH
ER[HQ )L J KIHAL O O VEHHI)X 6 HF W L R RW KJBHQ G HR/Q WRQY RUWLFLW\ F
SDVVLQJ WKURXJK HDFK UHJLRQ

$QDORVLWKH $(: MDGDFNDW HV DF R BI\Y UMKHW HUIDWQ Q XDO YDULLE
WKH IUHTXHQF\ DQG LQWHOQWRISW:\VR L WKKUHH Y R W/RVER EPNAMY HF B LIOHA U
RDP SO LDMRP®IOY R UMHEWW HV FOWVHHU VKHBGRAWULVW RQJ DQG
VL[ ZHDN $# DHOH QU E HRHWER QUKIOGEM LMW URQJHU RU ZHDNHLU
RQWWDQGDhWI TR W L[ \HDUV ZLWK VWURQJHVW $(:V DUH ODE
ZHDNHVW $(:V DQG WKHVH DUH XVHG WR FUHDWH FRPSRVL'

To examine the overall viability of tropicaldisturbances over thdorth African and

Atlantic sector(75°W-45°E) in JJAS,spacetime power spectréHayashi 1982pf meridional
windsare calculatedThis is donet each latitude and then averaged ov&8®. The zonal
andtemporalFourier transforms are performed on data fepfimited 120 zonalsectorand
122day timewindows.Prior to applying Fast Fourier transformse zonalaverage in the
120° sectorand time meaoverthe 122 dagareremoved and the W#es are tapedto zero at
each end of the zonal sector and timiedow. The minimum zonal wavenumbgratcan be
determined from data in a 12€ector ik=3 (and spectral coefficients are obtained only for
its harmonics k .&igure3 showspowerspectraof v at 200 hPa and00hPa inthe
75°W-45°E sector averaged foall 32 JJASseasoain 19732010. It can beseen thatDNE R W K
SUHVONYHOV WKRRYHQQGE DRV &R ENU GRRF KEQDWWIRQ J
SRZHU DWLVOKBDO\ FRLQFLGWHGWBDNOMKWH KNDIQ RISBULRG

GD\2Q WKH RW KWW UHRIER@ G H W M K3D VKRZVY VPDOOHU ZD

12
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ORQJHU SHWKRGHY: WKBI HRGEG L RiiexWdadfiter domainwhich is used in
this study(see Section Jc

JLIXUH VKRR WOSK L F G DVUF e X W WRRIRIRERLIV W XUEDQFH V
DQMSTXDWRUL RQ ADRMHOG/HK W FURFNSLAAWWNERDUG GHYLDWLRQ
GDLO\ GHSDUWXUH U@ PP R B [ERE) DFZHHD/QV © DVEHRPFE@R \(DHAD W

fl 1 DQ& XSSMKUREDYHUDJHG RYHU 7KH6SURDMHEQM. RQ R
PHULGLRQDO ZI0OGG RMYAWRRR NRQH QW LV VKRZIRRUIMK WKH HTXD\
1RWH WKBW 2BYWHHFDWKKRULDR®QYW X BWWOQUMVOWWEBQGDUG
GHYLDWLRQ VWNRBWSSHIRVWRRWEH ODWR QW XWHEI® KRXIE® DQG
FKD@$M H[SHPWHGBKHUH $(:V DUHWKMMD YHPQWM.PXP WKH
ORZHU WURSRWSMMHUFHDNK@BEW $WODQWLFW LV FOKLOVR ZVKDW
OHYHDWXUH DO%YWR RIFrWXDNQGREWB :0ZDYHMW LV LQWHKIOQNVWLQJ
WKH XSSHU WHRSRVISKDONR DLED\WMKPHK F BPH OE@W.KV XQ WYX HF
6+ )L DFQG RQ WKHLHTEXWRQRW L)QIJWKRKKHLXSSHU WURSRVSK
PD[LPP®VR DSSHDUAZDNMNHXYP WKH7KHAWRUEHWZHHQ ZDYH DFW|

6+ DQG $(:V RYHU :HVW $IULFD ZLOO EH H[SORUHG LQ 6HFW

&DVH VRBXGVLQ DQGHODWLRQ WR WURSLFDO F\FORJHQHVL

7RH[DP LMQKHHR Q QRBWW Z${(H Q RUWLFLW\ FHQWUHMHOS*D QG SUR
ZDWHWKH VHDVYRQLQYHVWLJDWHG DRSDGWWMBXRDIDNOKEGN RU P
RFFXWUQHEND VRO VXPPHDD KLIJKO\ DFWLYH $W O DWQKDLW KX U
SURGXPMGBGRSLFDO F\FORQHV QDPHG VWRFPK GRIMARUOO L
K X U U L FIDIQXHDK K R Z V4 R/KRH| CS@HRW KRl K 3Y0R U W L F LSADNVWUIDWERIX J K
RO R LQ-$6 Z L WRU W L F LW QR HGMWLUHAL F D MHIG GRMOWR X U V
LQGLFDW HDQ@W FOMLYWQHU RBQBYL.FDWHG BV, WIKIR ZAK\D WE H

DPSOLWYXRWHWR F L WQV YERVDENDAN 1 L RHQ HWMNOURQ JHURW RDKH WKD YV
13
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$IULFDQ FRIQWLENHKEW KRRUUHVSRQGLSORWYRHDAWKUIR QDO ZLC
RWKG®5* ZDYBW RBIVK W K HWYURIVAXEMA UWR SR VWGV WULNLQJ W
ZHVWZDUG SKDVH VSHHG RI WKH :05* ZDYHV YDULHV OLWWC
Rl WKH PDMRULW\ Rl YRUWLFLW\ FHQWUHV )XUWKHUPRUH
HDVWZDRE8 YHORFLW\ RRYMS WHKHH¥WODQWLF WR DERXW
PDUNHG HSLVRGHXTHJILURP VPKPLBH VW H U @ 1$ NVIOYIVESULHG 7KW WA ¢
E\ HTXDWRULDO ZDYH WKHRU\ IRU :05* ZDYBYG H\s GIRUBE QE
WKDW WKH :05* VWUXFWXUHV LGHQWLILHG E\ WKOLISHRMH
EHKDWIKPW LV LQGHSHQGHQW RI WKH YRUWLFLW\ FHQWUHYV
$V BDVH WWGHBY HOR S RHDQWW RR WD IQXDUPWISFOLQVH R [ H G
LQGLFDYWYH@ E\ ,VEDVHSRUWOMGKWXDXW\W DRBWLFLW\ FHQWU
FURWYKIKE ZHVW FRDVW RI $IULFD DQG TXLFMOR@HKHUHORSHG
$XXVWQG WKHRRBWFD R\ KXWKHSHKEYWKRQYRUWLOLWKNMWUDF
ILUVW KDOIVRRERJIXKH®HP R Q VWKILDAMIYIX QDR K R BARIU W L F LW\
FHQWUHYV D QGOAWNRMEGRIBA DO ZL QG VWIKM $ X JKKIMMGOHU L Q J
$XJIXWWHDHS RY LW L YFHH Q RWUAA ¥ WS LQLGALDF DIBAHTGK VR YWH
ZHVW DMEGL Q VRHYGMBEWER B QQGEFDWL QJ WKIHWGHSMERBP HQ W
DHOWKBHYHOR SIBH YW RV R F L\DMHEQ HIFNRW & RIZKOLE K
SURSDJDWHYVY ZHVWZD&OQ @ LSWIR MHKFHWRH QB R YO LREWR U H
JLIJE 2@/KEBXJIXSBYEHJLQWKAHURSRVLWLYH YRUWUIFWWMPD[LPXP
:05* ZDYRYHMKH $XIXWWB5* ZDYH RROYWWHU W R QWSKID/Z HY W
SK DV HWR/MW KRRU W K DRYTSX D WB RPDWRFLDWHG ZLWK 2@KH :05* 2
WKEXIXWKB5* ZDYH ZHDWHKOIVZHVW EYVVKOWHDQAWNE KH W R
HDVWZDUG JURXY Y ISORKEWA P R % 1Q0HIZ HCRAUMAZERRETHH

LQWHQ QL WRIE Y HU BIH DR W ZNHVIW URQR BN W W U ESIRWSYKHULF
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368

HTXDWRRZAZ ROOWKHEDYHW LV QRWHG WRADMBRLH : /3L DREMHO
ZDYHOHQJIJWKRRI DERXNWORIKQU WKDQVKWHKEAD RHOHQJIWK RI
N HVWLPDWHG E\ WKH (Y WBREHPWLRQ RI FHQWUHYV
)LJI X UK RW\KIDGWK H H D WOR IVIVODM HIQ V LS X FX¥WL R D O VR

FRQQHRFWHR&GTW BRWRWLEE RQ®OWKH XSSHU)WIDRERNIS KOHDH Q
SURMHFWYV WWRKBB® YD\YRIQJE 7KH FHRXDWRWKMDWOWROREVLWH VI
WWR KIDW K3D PDWKPXRYHUURRHALD®W MKHSGXWLRI WKH
$XIXWESHU OHYHOL G LLYH D JWQFAMR B OW K$FHR & HRYIH BOERFP @  WH O
SRVLYWRWYW L FLEV\ YYRHHOWL.FH WDV VY UG @ FEKL YK R DRIBH IBMFWLRQ
K\SRWHKGNIPKB5* ZDYRDSODQ LPSRURMDMDHWQ WKH RQWHKRBVLILFI
YRUWLFLW \L FGVQYWHIDOHR_EYRWEDRAS L F B D WHARWRS X MKRUWW LFLW\ FHQ\
WIDSSHAKKHWH WKH PHULGLRQDO ZLQG LV ZdGO\RHQ RWKH XSSt
LQWHIQWBMWURQJ VWRUP W L% XD RYRRWKHHGY WIRIVWFRQY\ FHQ
JURYWNR WKH#MDY® IRKQ WKLY FDVH LQWHQVLILHY EHQHDWK Wi
:05* ZDYH MXVWSHPSLEHQWUH

$QRWLKQHAUH U H D WAKRY 3 RWKID W DOQWKBUH LV D 5RVVEYZDYH WL
L Q G L F DWKHHG S syWritldr@ alRticyclonic circulations centredarl2’S ZL WK D
]JRQDO ZDY HQ X P ETHi p&terBnBvestéétwardL Q VW HISKZDWXH VFDOH FUF
HTXDWR WRIDWKIKD RZ5* VWUXFWXUH 7HKHXLFDBRUYQWEMMERWIHR S
ZDYKWHUHBDIWHWH[SORUHG LQ 6HFWLRQ

7TKADVH VYQ& GCWMWKYDBYW ZDYHV DUHLIGQEHRIOHWOEGRIWHR®LFD O
V W R)UHRAIthough the WMRG wavdas DP X FBERKQU ZDYHOHQJWK WKDQ WK
RI FHOBIGLE D Qridves faster to the weshesevorticity centres amplify when the
WMRG waveis in a particular phase with the cresguatorial flow maximum just to the east

of the vorticity centre at the AEJ level.
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392

It should be pointed out that althouglandv areindependentlyprojected onto eaclave
mode without supposing a theoretical relationship between them, the projeafefd( the
n=0 waves (Figs.6b/b) show coherent WIRG wave structuresver the whole wave phase
This indicategherobustness in the mettiology ofidentifying equatorial wave modes

through projection

5 Averagewave structures associated withAEWSs calculated by regression onto vorticity

centres

7RH[DPLQH WKH FOLPDWRORJ\ Rl ZDYH VWUXBWRUHY DVV
ZKHWKHB QFOXVLRQV IURP WKIH UHSDMWHQWDOBNLYH RI WKH
W KJHH JU HV V L R @ MWHRKLE IHTOX BIQV 6XVFGE. RERI \UW 2 DE&IVEY B/ G
DQWKG5* ZDYH QFRPSR QB QYRR UWLFQWH DW WHO \EMNEIQH G
$(:V 7KH UHJUHVVLRY LLYJ SGHDMWRH ARG ORQJLWRZMDQ VHF

)LJ D DBO-$36 VHDASD@QQHG BAMWB® LP
a. Horizontal structures

Figures 8 showthe horizontal windgor the700 hPa westwartiltered winds, andthe
WMRG wavecomponentt 700 hPa and 200 hRagresse@nto AEW positive vorticity
centres intheregionspanningl5® longitudecentred at 0°E (see Fig.2a)The regression is
calculated with a timégof -1, 0 and+1 daysbetween the regssed field and vorticity centre
amplitude The correspondingorticity centreqred circles)areobtained by a selfegression
of the centress described in Section.2tis clearthatcoherent wave structures appether
side ofthevorticity centresThewestvard-filtered componen{Fig.8a)showsa coherent
wave trainwith the negative vorticity centre to the west being stronger afllagd the
negative vorticity centre to the east being stronger at lag +1. This is consistean with

eastward group velocitfthe WMRG waveqFig.8band 8¢ propagate faster to the weksan

16



393 the vorticity centres (as seen in the case studyhe lower tropospherée vorticity centre
394 islocated in th&VMRG wave trough on dayl but the vorttity cente ismore in phase with
395 thesoutherly wind of th&WMRG waveby day +1.Since the AEW is off equatorial, the

396 positive vorticity centre is located witha region of convergence of the low level northward
397 flow in the WMRG waveFurthermore, the WMRG nagjve vorticity centre grows on the
398 eastern flank, as in the full meridional wind, indicating that the observed eastward group
399 velocity within the AEW is explained by the behaviour of the WMRG wave component.
400 Regression fields in the lower tropospheretf@other4 regions show similar structurasd
401 phase relationships.

402 In the upper troposphere, tidMRG wave(Fig.8c)has itsmaximum southwardind in
403 phasewith the positive vorticity centrat dayl. The WMRG wave propagates faster to the
404 west than theorticity centre at this level todNeverthelessheregression shows that

405 vorticity centre in AEWSsintensifyunderneath divergence in tbpper tropospheric

406 southward flowof the WMRG waveNote alsothe westward displacement between the low
407 level convergenceitfimediatelyeast of the vorticity centre) and upper level divergence (west
408 of the centre) whicls examinedn the next sectianThe climatology of regressed horizontal
409 structures of WMRG waves and their relationship with AEWs are entirebistent with

410 those shown in the case study.

411 b. Vertical structureof thedistinctwave types

412 TKHUUHWLRQGWRIOWROXH RI YRUYZWUWWHRK LD/ID BHQWSY H V

413 XV HG WR\CRAMWU W L F D @ @ Q/IMNAFRW WDHY HHG XD WRUWRB ZDYH FRPS
414 EHFDXVH WKH UHJUHVVLRQ LV FDOFXODWHG RQ HDFK SUHV
415 ORQJLWXGH UHODWLYH WR WKH YRUWLFLWYX FHQUBUHY WUDTF
416 VKRWVYOR QJISWXENXRMIFWMWRCH ULGLRQDO ZDQG IEORBIGHG W
417 LVRODWH WKH ZHVWZDD®RPBMIQHWRPE RQMERWWKH YRUWLFL
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442

ORQJLWXGLQDO VHFWRUV WKRKHQPH\UWLIBEWR QR OOH\WQ GQL YL IX U
SDUWLWLRQHG E\ SURMHFWLRQ RQWR WKH KRUL]JRQWDO VW
ZDYHV DW HDFK OHYHO $V GHVFULEHG LQ 6HFWLRQ E WKF
RI RUWKRJRQDO EDVLV WXMFSWRMONFWKRQMKREWR 5 DQG 5
VWUXFWXUH DVVRFLDWHG ZLWK WKH YRUWLFLW\ LQ WKH $(
HTXDWRVNVNEO ZDYH PRWLRQ IURP RWKHU FRPSRQHQWYV HYH
WKH 5 DQG HEPWRPIRROYH DV WKH FRUUHVSRQGLQJ PRGHYV
VWDWH

W LV VHHOKW K BW DRERQHQ@P 8B LW X W KWHRZBDWYW EHLQJ
VWURQJH UDRSWHO DWKH. F WKDYHR YW KH IRAWEBR® WLOW RI WKH Z
FRPSRQHQWYV HV XBPI\BRVEVE® ZDYH FRPSRQHQW LV GHHS UHYV
HTXLYDOHQW EDURWURSLF VWUXFWXUH +RZHYHU WKH :05°
K3D ZKHUH WKH VWUXFWXUH FKDQJKHKN NIUNW BUVR BOD IFRIQR Y
VWUXFWXUH WKDW DULVHVY LQ WKH FDOFXODWLRQ RI QRUPI
EDVLF VWDWH

+RZHYHU RYHUWHIAW BVORFBUEO ZDYH F RIPIS FBQUHOQWWV
HDVWZDWIKG KHBEYKWHMIBPDOWEH DW DERXZWNQG ZHVWZDUGYV DERYH
ZKLFKQHWFBVVDU\ FRQEDINXRION QR Q@ (FRdNEfoffdndRBIAMKIKUrN,
1999;Berry and Thorncroft 200%;ornforthet al.2017 1RWH WKDW EZ& WWKZD UE0 O
ILOWHMNWKHGWLOW EHORRBSSOWMIPGMRXQRWKR ZHVWZDUG WLOV
FOHZXWFK LQGLF3BWRWV MAVHTIXKQWRBRWNREO ZDYH FBRERQHIWW
WR LVRODWW WRE FROIQHBWEGDQAIFWIKIRZWK PHFKDQLVP WK
SURSDJDWL@IYSRVVE\ Z

7TKHO5* ZDWHLJ ODFOVRHDMWXWDUGWEDBDQRZVWEBUGWDERYH

+RZHYWARH IQDWXUH RI WKH ILUVW EDURREQICYL EQ/W K K FX\SSUHH
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467

WURSRVSKHUH KD WLR JWRERSGRR/Z WLH) \[L@ B Y W P\B DGR KV WHK H

$(- +RZHYKHN JMUR QRGH YDULHYV K3ID OFOWRW KGB BWRW

LY QW H UMRMWIBIH S Z D YWHW U X EY XWKIY XSSHU WURSRVSKHUH DE|
DOVR HRLEKRVDIHU Z VWHKO@QIKMHK ORZHUTWDQ®R WVISKGH UB WKH
VHEFWIRRYDWR6 )LJ 6 VLJIQIZIDPAQ®D OR X QIGQRWION XSSHU
WURSRV,3K HY H QW H S DWW HU QWLKD @/HIYM U BRLEVEK RVWKDW R
WKH XSSHU WURSRVSKHULIFMHVOBE TDPHRQQHFWLRQ EHWZHH
XSSHU WURBSRWSKPEQW 6 HF WIKRIQODFN RI FRKHUHQW VLJQDO
WURSRVSKHUH VKRZV WKDW WK HVP@ WY R® G 76 W/RKEIR:1/U B OWDR
‘HVW $IDKHDHIRUH WKH VLIQDWXUH VHHQ LQ WKH :05* SURN

GRPLQDWHG E\ WKH
c. Zonal propagatiorcharacteristics

Thezonal propagation characteristics of wavwdentified in the meridional wind are
quantified in theNH (at 12°N),the SH (at 12°S) and for the WMRG structure (at the equator).
Three popagation parameteithe zonal wavenumbek)( period p) and phase speed)(are
obtained from theegressioniélds as a function of longitudinaéctor and time lafields
similar toFig.11e) The zonal phase speed calculated from this regressed field usiing
Radon transform methd®adon 1917Yang et al.2007b)he range ok andp characteristic
of thevariability in each wave component is estimated from longitadediagrams

Table 1 shows theseqpagation parameters for the following fietdgressed onto the
vorticity value at the tracked AEW centres in the region centrétEat (12°N, 700hP3g, v
(12°S, 200 hPa) anthe WMRG equatorialv at 700 hPa and 200 hP&@he westwardiltered
vV (12°N, 700 hPa) is dominated by AEWs and therefore has a characteristic phase(§pked
m s?) which is close to the average zonal speed of the trackédity centres (8.4 rs?).

The characteristic zonal wavenumber is1®and the period is-8 days. Interestingly, the
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492

periodp is quite similarfor the AEWs, WMRG component and the upper tropospheric wave
activity in theSH. The period is found to baightly longer in the upper troposphé#es
days)than lower troposphel@-4 days) However, since WMRG waves hakef 11-12 in

the lower troposphere aaf 8-9 in the upper tropospheniey have quite similgshase
speedt (11 and 11.9 nsY). The difference in zonal wavelength for WMRG waves in the
upper and lower troposphere has already been noted from Fig.9c.

The AEW at 700 hPa has a wavelength longer gaaly studies on AEWs which only
usedliow level meridional wind (e.g., Burpe®14) or elative vorticity fora limited period
(k=14-19), but slightly shorter thasome later studig&=8-13), e.g.Kiladis et al (2005),
whereAEW structuresvereobtained by statistical regression of winds onestwardfiltered
OLR (Outgoing Longwave Radiatn). Our studyshowsthatthe WMRG waves over West
Africa have a longer wavelength, particularly in the upper troposphere, and move at similar
westward phase speed to AEWSs (although faster). Therefore, we deduce that the longer
wavelength derived statistically in those studiesg OLRis representative of the upper
tropospheric WMRG wave component, rather than the vorticity wave on the AEJ

The westwardiltered v at 12°S, which is a signature &H RWsin the upper
troposphere, has the saperiodas the WMRG waves {8 days) anaglightly smaller
wavenumbek (7-8) andtherefore on averagdightly fasterwestward phase speed12.7 m
s1). The mechanism connecting th&id upper tropospheric Rossby waves and WMRG

waves is investigated in Section.6d

6. Years with grong and wee& AEW activity and evidencefor a major role of Rossby

wavespropagating from the Southern Hemisphere

7KH VWU FDQIQX@PWHWULDELOLW)\ RI $(: RFFXUUHQFH KDV D
LQWURGXFWLRQ DQG )LJ F VKRZBJ$KH @O HKRNGW\DEH\NEHS |
\HVUQ WKEWINRQ G\QDPLFDO PHFKDQLVPUQQKKDW K IDIKVD EL S |
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512

513

514

515

516

517

DUH VRXJKW ,Q 6HFWLRQ D WKH ZDYH DFWLDQ@ { WMKUR X Jk
FKDUDFWHULVHG IRU \HD UMVILHQK WKK 1D GV WRK®IJ H X WDINH V W
F ,Q 6HFWPREKEQLVPV IRU DPSOLILFDWLRQ RI $(: YRUWLFL
DUH H[SORUHG LV MHFWRRQ WK DO\Q WHEPRIIDHR B Q PHNOR Z
EHWZHHQ WKH \HDW D @& WK IYNHMQ $HVDFWLYLW\ DUH PXFK C
WURSRVSKEWY WHRRYES K MKH [H [WH®ERQMUR Q ZKR
H[DPLRHWEG&QJOH VWURQJ D QIGHZD BN BW.LR®IOHU VKLIWLQJ R
:05* ZDYHV E\ EDVLF \]RKIRZ QO RIZYDIO O \J LVPKG-H WX IRV | iU
SURSDJDBWVRQGRHTXDB*RED®BY LV XVHG WR UHODWH WKH PI
ZDYH DFWLYLWHW®@& VORIZ WQ PBIREK DV B D DR@RLQHRW LR Q
EHWZHI® ZDYHV DG 6% SUHOHEWFDO H[SODQDWLRQV DUH |
OLQN HQKDQFHG $(: DFWLYLW\ WR HQKI5Q NS GRBPWD WILVPV R |

IURP MK W RVWKEDKMHOIJXLGH

D'LITHUHQWHR IYOHOW EHWAHBPQV ZLWK VWSR @QIFIVQBLXAHD N

J)LXUHVKRRORQJLKMHX GKW FURWYRMWHFQ/EBQARGHYLDWLRQ
PHULGLRQDQ ZRQ & H6/M D BVBHEWVHAGX WDEAFD IR \D Q G6 D Q W K H
:05* ZDYWW UXFNRWUWAHL] V\WUYBEFIRVOXPF Q[ ZHDML G EBB XP Q
$(: \HWUDQW&H GLIIHUHQFHUEBRRDXIBQ WIHA PDWRORIRU
ERWK VWURQJ DQG ZKEDXDSNL\HQ UNVK K RIR Z HWYKWR B RBRAVBEK H U H
PD[LPRINYEHNVW $|1ULFRHEVQGSVZ®HE QW SEUH S UHKDSRZQ@H Y HO
PD[LP PPV RSHDR\D OH VMU HIWHQ WBWK®GI5* ZDY HYV
H[SHFWHG DWHKHXDBIGEZHU WURS R V SWKIHIQLFOLIFRMPMRION H UV
W K/MV UR Q IHIYUW K VGZH QN YW QJILFDQFH OHYHO | 7 IWRRWD VW >
+RZHYWHKIB5* ZDYHV WKREW WKH\ DUH DOVR VLJQLILEDQWO\

WURSRWS KVHKUH R Q DLIRZKH&HW IR SWKV SKHULF DFWLYLW\ 7KH :0
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541

542

WZR GLVWLQFW PDOLPW URQDCGW:LWWOEN LQGLFDWLQJ WKDW \
WURSRVSKHULF YDULDELOLW\ PD\EH GLVWLQFW WKH\ KDYH
ZDYHQXPEHUV

7KHUWH DIQX¥RSWURSRWVOIKHRXB' YLQ WKH WDQAHRU
ZHV W ZIDW\GEHWHAGX DB QIF@E RQ WKBIVHAKOW BY IRU :05* ZDYHV
ZKLFK LV VLIQLILFDQWO\ VWURQJHU LQ VWHRROVRY YV \HOWU W K

DUH H[SORUHG LQ 6HFWLRQ F

E OHFKDQDWRWLRWFDWLRQ RI $(: YRUWDFKHN\ FHQWUHYV E\

7KH FORVH FRQQHG AU RO/ ZH QS ISW: DFWLYLW\
VXJIJHVMAS VKW WVEHH: R3* 2ABYHWKH GHYHORSMHXBN RI WKH $(:
LOQWHUDQQXDE&E H PBOQWENVNWMHNQW SKDVH UHODWLRQVKLS EHW.
DQG WKH :05* ZDY HWMOMRPDHWBRQUHE XGSKHKOWDEBGSRUSKHEHUBHQ VK
)LJ WKURXJK WKH UHHUHVYDR @ MiER@hVhovizontal winds
for wedwardfiltered disturbanceandthe WMRG structuresbothregresseanto the
vorticity centregassing througthe regioncentred af°E. The results are showar the
entireclimatology, strong and weak AEWars. It ixclearthat inall caseghere are strong
largescale circulationgxtendingacross the equatawith the crossequatorial motion
dominated byhe WMRG structureandsouthwardcrossequatorial flowat the longitude of
the vorticity centreThe winds are ithe correct phaseotamgify the vorticity centrethrough
vortex stretchingCrossequatorial flove areweaker for climatology andreak AEW years.
Thehypothesised mechanism\adrticity stretchingby the WMRG wavess explored
in Fig. 11cwhichshows the longitudeeight crosssection of vorticity stretchingf*D
averaged over®l-18°N for the winds projected onMMRG wavesf* denote the basic
stateabsolutevorticity (f £1U/dy) andD is the horizontal divergenée the WMRG wave
The diagnostic reveals that the term isipee at the location of the AEW vorticity centré (O
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on the shifted longitude axis) and to its easplying that the WMRG structure acts to
intensify the vorticity centre and to hinder its propagation towards the westak AEW
years the vorticity stretching is weaker, about 60% of that for strong years at 600hH&Pa.
peakmagnitude of/orticity stretching at 600hPa in strong AEW years is about 4%§9,
which corresponsito a vorticity tendency od.13f per dg, which is strong relative to the
observed rate of amplification (see e.g., Fig.5)
7R HIDRMLKpHHPH HYROXWLRQ RI WKH :05* ZD¥H DQGNKWYV FF
ORZHU WURSR\GSKRB®D JLWMHRBKW GLDJUDP RI WKHWIKF* ZDY F
LQGHSHQGHOQWKHOURL RROMLGF WNKK\H $(: WURXJK DQG WKH GHS
PHULGLRQDO ZLQG RI WKH :05* FRPSRQHQWYV XVKUW KUDANW V H (
SGDVFRUUHVSRQGV WR WKH WLHH R IL ® G LLERXF MR B @/D B/ :W \
\HDUV WKH XSSHU WURSR VEXHNRIUH : & MEIDHNOWWHH FOLPD\
DQWKH ZHDN $(: \HDUV DQG WKLV LV DOVR WUXH LQ WKH Ol
)L HSUHVHQKH ORMQPIHNEGMHIUDP IRU :05* DBHIYHW\DWHG RIKQ3A
WKH YRUWLFLW\ R [7RAHMRG QortRedlyQumdlislie phase withe vorticity
centres at the beginning of the vorticity track in years of strong and weak AfeWastent
with vortex stretching as a mechanism to intensify théaityr. However, an important
feature is that well before the vorticity track starts, there are WMRG wave trains with
eastward group velocity propagating into the region from the Atlantic, especially in strong
AEW years. This provides evidence that the R®&wavesndeed play an important role in
the amplificationof the AEWSs, rather than the WMRG waves being an inherent part of the
AEW structure. The difference in westward phase speed between the WMRG waves and
AEWs is also clearlt is also interesting to note that in strong AEW yesiaround 0
longitude the MRG wave packet has near zero group velocitynareative lag days to the

east of Othere isalso a weakvavetrain with westward group speed. As will be shown
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below, this variation in the WMRG group velocity is consistent with the change in the
dispersion relation of the WMRG wadee to the changa the basic zonal windand rear
zero group velocity around ngitude suggests the wave energy accumuldiiere

7TKHUH LV D VWURQJ UHODWLIRQ YRWSNVE A WY H FI¢@-AHAMO RQ L\
WURSRNVNQKHWO5* ZDYBHXUHYV DQG Q WKRRE WKDHN WWKHREBR VY KH L
QRUWKZDHNTGXPWRWLBMP® DORY[LPXP LQ FR@YW K BNWWHRHWWERN W
YRUWLFIMW\ @ HHOKMHUKISSHU WURSRVSKHUH WKHUH LV D PDJLF
:05* VWUXFWXUHV MXVW WR WKH ZHVW RI WKH YRUWLFLW\ |
DFURVV WKH HTXDWRU 7XILFLS&SOEWARRY HO%MM\RRY BPIQSGLNHP DL
LGHQWLILHG ZLWKOLYWGE @PHN DVOFODORFRQYHFWLYH V\VWHPV
ZLWKLQ $(:V FORVH WR WKH SRVLWLYH YRUWLFLW\ FHQWUH
SUHFLVHO\ EHWZHHQ XSSHAHOWYMHQ@GGQ R A WIHHOHO® FRRQ WHKUHI H
VHH WKHLU )LJ %HVVRQ DQG /HPDLWUH GHVFULEH \
37(- VWUHBBS FRQYHFWLRQ DQG ODWHQW KHDW UHOHDVH RF
DFW DV D SRVLWRYWKHIBGEDGW RYWRFLDWHG ZLWK WKH WL
DVFHQW VKRZQ LQ WKHLU ZRUN LV LQ WKH FRUUHFW SKDVH
FHQWUH E\ YRUWH[ VWUHWFKLQJ

7KH DYHUDJH ORFDWLRQ RI FRQYHFWIZRQIDHODWLYH WI

2XWJIRLQJ /RQJIZDY H 5DBEE X\W MRV/Q MFELH.GR Q W DWKHL R & VHILQ
DQG ORZHU W URMBRMBKVHHEG{ FOUMRVW KHW\ FHQWUHYV LQ WKH W
VHFWRUV FNOQWEBEHARUNVWURQJ $(: \BDWKDWW QW HMWHLILHG F
QHIJDWLYH 2/5 DQRPDO\ LV FROORFDWHG ZLWK WKH SRVLW
IODQN ZKHRAHW WHU FYRNVVXKBIWRRLDO IORZ IURPEWWHD OV RV V
ZKHUH WKH YRUWH[ VW UWFHRW BRIQMH A MWK WG ORY WHMWHY WKH

FRQQHFWLRQ EHWZHHQ WKHDSMFERE&BYW\DVFLVVBUBW IRWK&MBHS
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FRQYHFWLRQ XSSHU OHYHO GLYHWW\HGPH W @G B U RS ZH YL
7KH ODWHQW KHDW UHOHDVH ZLWKLQ FRQYHFWLRQ LV LQ W
DQG $(: YRUWHFRALMWIJH PHULGLRQDO H[WHQW RI ZLQGV DVVR
$(:V LV FRQVLVWHQW ZIOMDKG MK B W 7IKBIR 2 WIBMDKMH FRQYHFWLF
DVVRFZDSKNG LY LQLWLDWHG E\ G\QDHDL&B OWRREBIRQ P ML PIR Z
OHYHOV D QWX BXSWRVGHHS FRQYHFWLRQ

1RWH WKDW WKLV VIQRSWLF VFDOH H[SODQDWLRQ IRU Wt
YRUM\LFHQWUHY LQ $(:V DQG HQKDQFHG :05* DFWLYLW\ GLII
PDGH E\ 1LFKROVRQ W B D MU B Q M CBQUAHHFE SLMDDARQR Q LQ \H
$(: DFWLYLW\ ZDV D UHPXOW RV BH & IWQUWEIGRA D-LN\QWV UR Q JH L
7KH VWURQJHU SUHFLSLWDWLRQ PXVW EH DVVRADQWHG ZLV
WKHUPRG\QDPLF EXGJHW W\SLFDO Rl WKH WURSLFV DQG W
PHULGLRQDO FLUFXODWLRQ VRXWKZDUGQUMHRIZ7IQ WRK MW KIS S|
VRXWK RI WKH UDLQ EHOW 7KLVDEUXRBERJIJWRWWR D QRDOON L
VHFWLRQ WKH GLIIFHEQFARYLQ MHDZ/EBWA@HHQ \HDUV ZLWK
$(:V ZLOO EH FDOFXO DW N GIDIG WE HQOL B H6 K ¥ W& IRDJ QLRMVSHK W
WKH 'RYEOMWLQJ RI :05* ZDD\HH DRSS WWFODWLRQ WKHRU\ WR H|

DFWLYLW\ LV JUHDWHU ZKHQ WKH 7(- LV VWURQJ

F 'LITHUHENH AL QR QBHOWIORZQ \HDUV RI VWURQJ DQG ZHDN $(:

JLIXUMKRYMDVRROD®QDO ZLQGYV LQ WKH XSSHU DQG ORZH!
IRWKNWUWHRQQ EZHDBNSW. \HDUV DQG WKH GLIIHU® QRHH EHRVZAHHH Q
WURSRWKXKHGHIIHUHQFH VIOV WRIBD ORQDOLOVKLWE&H HDVWHUO\ IO
ZHDNHUfRYHUQ VWURQJ $RWMHKDW RQ D PHDQGHULQJ MHW L

ZDYHV KDYH JUHDWHU DPSOLWXGH WKHARQDW KHNDBERWOEHD Y HU
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HYHQ LI WKH ZLQWKHSRKBAB/RERH? KDWHI I IHFW PD\ H[SODLQ
UHGXFWDR@®RI\ \HDUV RI VWURQJ $(:V

7KHRQDO IORZ GLIIHUHQFH L QI MK H U-SIB/RIB UVEBWRERS/ S K H U H
HDVWHUO\ DRWR P HHMB QD O ZDQRBPIDGHOMONUO\ LQ VWURQJ ¢
\HDUV LQ WKH H DXQIGW6R K\ D RFSUR YVRW K B GOV U R WK ALY $1ULFI
HTXDDMRHDVWHUO\ | 0RZKIHV 2ZHW WRIQIH UNIFRAVIKQ BW.K'H 6 +
ZHDNAKWLY LV FRQVLVWHQW ZLWK WKH ILQGLQJ Rl 1LFKROVR
VHDVRBDQ JRQDO IORZ GLIIHUHQFHV IR U5 \WOMHSTUXFDSADR D MOLAR (
:05* ZDYHV LV LQYHVWLIJDWHG (QKDQFHG DFWLIYN.W\ LQ :05
HSHEWHG WR HQKDQFH $(:YREMWNULHARIAVE K\DAR IEHY PMKLHEHG L Q V

ODVW VHFWLRQ

G'RSSOHU VKLIW RI :05* ZDYHV E\ VWURQJHU HDVWHUOLHYV

To examine the influermcof extratropicaRWs on tropicaWMRG waves it is
instructiveto analy® the propertiesf equatorial wave dispersioRW dispersioron the
sphereand the conditions for the reflection or absorption of Rossby wave rays.

Figure Mashows the observetime-meanzonatmeanflow profile U( Afaveraged
acrosghe 75W- 45°E sector in the upper troposphere for strong (black line) and weak (grey
line) AEW years. Itis seen that the easterly flowhi tropicgs stronger andbroader in
strong AEW yearsThe curvature of the broader jet is weaker and therefore the effedtive
closer to the value of planetary vorticity gradigngureldb shows two sets of equatorial
wave dispersion curves corresponding to Bappler shifts byJo values (averagezonal
wind overthelongitude sector and latituddsetween +% and-2yo) in strong and weak
AEW years, respectivelyl heplanetaryvorticity gradient o is usedor the dispersion
relations(without considering the relative vorticity of the background flespe consistent

with theassumptions ithe basiequatorial waveéheory(Matsuno, 1966)SinceUg in weak
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AEW years issmall(-1.9 msh), the corresponding dispersion curveseg are not far from
the familiar result$or aresting atmosphere. In strong AEW yeargé¢hsstronger easterly
flow (- 5.8 ms!) andthe easvard-moving waves (Kelvin waves and EMRG waves) are
Doppler shifted to lower frequencyhe westwaremoving WMRGand Rlwaves are shifted
to higher frequency, especially for lardeit isimportant to noteéhat due to the Doppler
shifting, the frequencfor WMRG curves becomes very flacross a wide range kfAs a
result, the period of WMRG wavesamost uniform(3-4 day$ in strong AEW yearsvhich
is comparable to the period of AEWIhe period range predicted by theorglisse tothat of
theobserved WMRG waved &ble 1 and with the typical period of AEWSs.

In the easterly environment, the group velocity of WMRG w#wveé$ W) is near zero
(solid black curve in Figdb). The eastwardroup velocityis greater in regions witivealer
easterliesor smallk (solid grey curve)This implies that the eastwagioup vebcity of
WMRG waves must bstrongerover 6 R XW K $ BDIQWIKFHDY WHUQ $WODQWLF ZKHL
ZLQ®HBNZK®RY HU WKH $IULFDQ FRQWLQHQW PORMHUWRXS Y H
GXH WR VWH{HHRODNWRHUIOEZ BY H 7HKGIKI BIJ R D R K XAEXFOOMIR\RWU
$IULFRVNLQV DQG ®PIQJ FKDQJH LQ WKH :05* JURXS YHORFL\
FRQVLVWHQW ZLWK WoKDDWWVVRREQJILIRYLIOS5HZD RHVGDAWK D S
IROOR Z IRQBMWKH VLRQD @R IF PROFXQ@WD R @ LD GWKHDAW V K R Z
WKHUH LV HQHUJ\ DFFXPXODWLRQ RYHU :HVW $IULFD ZKHUH
VKREKEGUKLVFRYQVLVWHQW P W RXVWKIMIWWHORLDWHG ZLWK :05*
ZDYHY WKH XSSHU WWRISRNSWHG RRBVIVRWHIWKDW 'LD] DQG
$L\WHU DSSOLHG OO/ V NuR BUHWLIRQ CCDNKIDW/RS G M G KH E L \
HDVWZDUG JUWR R SWVKHHORHDWWIBFOHBOGH U WKH $WODQWLF DQG ZH
IRUMMKLPBDWKRXJK WKH\ HIDPLQHG WKH HQHUJHWLFV RI ZD®

WKH FRQQHFWLRQ ZLMWHKDOWZWBRXEHWHORFLW\ZRIY WEK\H :05*

27



667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

([SODVLH}HH VWIZDRIGS YREBRHAUWNHGE& WQ WWKHLIBRYCHU D/AQKOHO YWHWW VL

'HVW $NLFPH WKH WZR FRPSRQHQWY DUH GLIILFXOW WR GL

H5RVVE\ ZDYH SURSDJDWLRQ LQWR WKH WURSLFDO ZDYH JX

Free Rossby wave propagation across theggirics andn the upper troposphere in
thetropics is now analysed usitilge barotropicvorticity equation Following Hoskins and
Karoly (1981) Hoskins and Ambrizzi (1993) and othéeve shown that the Rossby ray
paths calculated using this reduced dynamics can explaiyprominentequivalert
barotropicstationary wave patterns in the atmosphénerthermoreHoskins and Karoly
(1981) haveshown that the&orticity equatiorfor disturbance®n the sphere viewed from the
Mercator projections formally similar tothe equationR Q D & D UpMmewhidd Q

simplifies the mathematical analysiEhe dispersion relation can be written:

N b

ZKHOH WKH @BU ZLDLYRH X BEAFRMV WKH JRQDO DQJXODU YHOR

X 5 X

. 6e O &
EDFNJURX QEG.—l—e%%a—eZ— F-aas7 7 KO 74 s the relevanmeridional

absolute vorticity gradient modified by the curvature of the basic zandl ,Q WKLYV

H[S UH\DGLHRIR W H VMW K B GDXYO B W A\WDVGHRPQGRZ RQYXEKMHAULSW
ZLOO EH BX\WISBOYFEWOYWRREQDKHS &§ 0 WHYHWRDWR U
SURMHFWLRQ RI| DWHKRP BVUR S 5B\ QD GIK/RERMEU @R S\ G VO O
HTXDWVRMQKH GLPHQVLRQDO ]RQDQ \HGBY RW }KMMH® KHR EH GLV
ILIXBKNUHWK¥RGL P HQ WLIR®OHDG,Q WKH 5RVVE\ ZDYH DQDO\VL
SUHYLRXV DXWKRUV WKMERQDNME Q@WIYRQ XROWUELH VERNWW LY I
ZHVWZDUG SURSDIJDWLRQZZLQQ EROWYRWVWDWR GVK HWAKR Q Y H C

HTXDWRULDO ZBDMW Q@XKMHBHHUWKHD QIJHYV VLJIQ
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690 +RVNLQV DQG .DURRKRRIGBY KD WORD OR ZEQQNB UHDRRQVWDQWYV
691 ZKEBDQ®@UH LQGH I DQ®BD@BGD K IXHWK WHEHIW SHUVLRQ UHODWLF
692 LV VDWKWHUHERUH ZH &8DY BRQRQYH®RHYDUDPHWHU NDRWKVWHHN F
693 SURSDRIWILIRY

694 $V GLVFXVVHG LQ +RVNLQV DQG $PEUL]]L WKH WKHR
695 ORQJLWXGLQDOO\ YDU\LQJ EDVLF ROREZQRBY Y WKL QB QUK WX G\H:
696 RQ D ORQJHU VFDOH WKDQ IDKQH DYH ©RINQN MCKA BV KLH) W HAJHHQY @
697 WKHRU\ WR WKH SURSDJDWLRQ RI 5RVVE\ ZPRAHYRREL Q R\UIDN L
698 SDWKV WKURXJK D VORZ EHXDUALRDIQPRFAXP WZR

699 ) 7KH UD\ DSSURDFKHV D WXU QL YXRP@ODUWHAHXYBEZE HD® GW \
700 DQG WKW OHFWHG EDFN WRZK@GV WKH HWHOMWRM WR WKH TX
701 HTXDWALRE |, which has two roots

702 ki=[ & @( &+4 8)Y7/(2V) (8)

703 i) The ray approaches a critical line wheref/k=U. As it does sgthe meridional scale

704  must shrinkthe meridional group velocity decreaseslthe critical zonalwavenumbek.=

705 & 8sonlyachieved whereasymptoticallyapproaches infinjt Yang and Hoskins (1996)

706 outline the conditions for nonstationary RW propagation with the detailed solution and

707 schematic picture for allowablein different basic stated#t is shown that westwadghoving

708 RWs can eist onbothwesterlies and eastediel he relevant cadeere is >0 and &0

709 (westward propagation) with differebtconditions:

710 x westerliedJ > O: propagations allowed for anyk < k> and there is no critical line.
711 X weakeasterliedJe< U < O: propagation fotonger wavelengtbk < k. andthere is
712 anothershorter wavelength band< k < ke wherepropagations possibleHere the
713 parametet)=- &/4 .
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X strong easterlied<Ue: propagatioris allowed for anyk < kcand there are no
reflection lines.

Figures 14 c, d showthe ranges ok whereRW propagations possible at each latitude
using the observed zonal wind profiles in strong and weak AEW years, respectively, for a
specifiedperiodof -4 days(the negative denoting westwgrbase spegdThe period is
chosen based on tlobservederiod of AEWS (Table 1. Thepermitted zonal wavenumber
rangefor propagatior(shading)s boundedat highk by critical line absorptiorfdotted)within
the tropicsandreflection(solid) curves aitside the tropical wavguide.Very differentRW
propagation featusareseen betweethne strong and weak AEW years.

In strongAEW years due to stronger easterly flow the SH and guatorialbelt, thereis
a broadropicalwaveguidebetveen the two hemisphexdrossby waveayswith 6<k<12
canonly propagatevestwarddetween 5°S antl7°N with the 4day period Westward
longwaves witkk ” 5 can exist with a 4lay period outside the tropical wageideowing to
their stronger westward propagation rate relative to the zonal litogantrast for weak AEW
yeas, RWspropagation is not possibletweer?2 and8°N with a period of4 daysbecause
Ue<U <0 across those latitudesny waves with very longwavelengthsk<2) are able to
propagateéhrough theequatoriakegionwith this periodandthereforethe hemispheres are

disconnected for shorter wavelengths

| 3KDVH VSHHG PDWFKLQJ EHWZHHQ 5RVVE\ DQG :05* ZDYH’

Above analysis shows thgitonger easterlies enable RW propagatioroaial
wavenumbers and frequencies comparable with AEWs across the tropical belt. However, how
does RW activity in the SH subtropics connect with the WMRG wave act@ady8iderthe
influence ofthebasic state mthe WMRG waves. The dispersion relation for the WMRG

wave on a uniform flomJo, can be derived from Eg. (3) with meridional mod®
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el 25 L7, E%IsF§sE%p, (9)

whereUp represents an average flow otlee equatorial regiorfbetween +$ and-2yo),

0 32.28*10" mts! andc.=20 m ¢! can bededuced fromUy, L :% :5 6-6° the best

fit meridional scale to observed wave structures, as mentioned in Section 2b.

Figure 14e,f showsthe RW phase speech= Zk (solid) along thereflectionline in
Figs.¥4c,dandthe WMRG phase speed2vre, deduced from Eq. (Bt wavenumbeka( A/
(dashed) It is remarkable that thievo phase speeds arery closeacross all latitudes
especiallyfor strong AEW yearsorth of12°S. In the short wavelength limit/(kzce)<<1, the
WMRG dispersion relation (Eq.9) reduces to IlaeotropicRW dispersion relation (Eq.7) for
|=0 (at the reflection lines}or longer waves, thmatching phase speedexplained bythe
flatness of the DoppleshiftedWMRG dispersion curve which has a period closeltdays
for zonal wave number4-16 (Fig.14b). The theoretical prediction is consistent with the
observed feature that WMRG adidturbances i at 12S have aimilar phase speed
(Table 1).Since the phase speeds mastistainednteraction between the Rossby and
WMRG waves is expected in the shear flow (in a uniform flow the equatorial wave analysis
yields normal modes thaamot interact). For example, in the casedy Fig7 shows how the
winds associated with a Rossby wave in$i(centred at about 12°S) are connected with
the WMRG wave structuré&igure D also shows howH Rossby wave activity across the
Atlantic and South America is much greater during theng AEW years (Fig.{c). In

contrast, he upper tropospheric disturbances are not enhancedHtligig. 10a).

JOHFKDQLVP IRU HIFLWDWLRQ RI :05* ZIB¥HV E\ 5RVVE\ ZDY}

7KH FRQQEHPMWZMREDQZD Y BDDERVVE\ ZDYH\6 4+URPYWKWLIDWH G
EWWHJUBYWEKH IXO0 XQILOWRQWHR RIWRMKHRQW DIOQLL 8 BAVUHP D
PLQLPYXRI WKH :05* FRPSRQH Q WV KR U LIRGDO KX M /WL Y MEEKRRQAH Q
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VSDQQR@RQJILVEHEBMXVH W K Lstantiard Adviib 6f WWIRE waves is

greatest (Fig.4)2Q O\ WKH VHDVRQDORPHNQ MHDR]RQB WHPRYHG IUR

ZLQGV XVHG LQ WKH UHJUHVVLRQ VR WKDW QR DVVXPSWLR

RU IUHTXHQF\ )R U XWKEME LMKIRGU WXKUHH V V LIRQ OIDHOEBDAV W U R Q J

DQG ZHDN $(: \HDUV ZLWK QHJDWLY K R®5F LIFCSLFIDMN@H LXQO

FURVNXDWRULDO IORZ DW,WKILIVWIO® ORIQVWWREG KR VHH WKD

WR WKH VRXWKZHVHW KRHUBISEVZD 6+ H[W U RZIWDIR B Q00 ZDDH W

QXPEHU DE®RXVE( WDAMME WKH HRIVWKKN @BDHMWUDLQ LV GRPLQ

:05* ZDYH VW U X F 020N WEMCAK) DWKHK MWQRIZDWRIX DWRULDO UHJ

LV YHU\ VWKLIDOD U QVBQ HD U O L\H ¥DRB VG R VRIQIGREK VW X G

UHYHDOV WKDWL Q0S*KHDXSSHU WURSRVSKHWLFRHBPWW HUQ 3D

6+ ZDYH WUDLQW Biig KB MIRIUIL@GRR QW KIDW WH\D W RIWig H.IN

$(: \HDUV

7KH 186( WLOW RI WKH HGG\ VWUXFWXUH LPSOLHV WZR SRI
:05* ZDYHV DQG 5RVVE\ ZDYHV
i) WKH SDWWHUQ LV FRQVLVWHQW ZLWK H[FLWDWLRQ R

DGYHFWLRQ RI SODQHWDU\ YR UWEK#SRY\VE\ WEKHHN RR O
H[DPSOH FRQVLGHU D WKRXJKW H[SHULPHQW ZKHUH
5RVVE\ ZDYH LV IRFXVVHG RQ WKH QRUWEHUQ IODQN
1IRUWKZE IORZ WR WKHVZNWW RUWIKFHL @M BB QMFOWHVLQ W
PRUH QHJDWLYH YRUWLFLW\ IURP WKH VRXWK VR WKL
YRUWLFLW\ DW WKDW ORFDWLRQ H[WHQGLQJ WR WKH
SRVLWLYH YRUWMHMHDEWHFWHRIHW UHVXOMLFDV GH
)LJ LQ +RVNLQV HW DO LV WKDW D YRUWLFLW

ZLWK D ZHVWZDUG VKLIW RI f UHODWLYH WR WKH R
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WKH :05* ZDYH FDQ EH H[FLWHG E\ WKH 5RVVE\ ZDYH
LV VWRIOW WKH PHULGLRQDO DGYHFWLRQ E\ WKH :05*
DPSOLWXGH RI WKH 5RVVE\ ZDYH WR WKH VRXWK 7KF
GLUHP® ILRQHWHIFWHR LPSOLHYV WKDW WKH :05* ZDYHV
ZDYHQXPEHU WR W KH WRNNWFEWAD WHKWRVDQG LI WKH\ FLC
PDWFKLQJ SKIMMKHS HIWWUWDKHEWLRQ FRXOG EH VXVWD
7KH WLOW LPSOLHV W kDXWL@KGHR R WH.PW GIRKKIB\K [W K H

PHULGLRQDO FRPSRQHQW RI WKH BhRXVE\@ZDYH IOX[ L

7KH PRPHQ\WXE régdessed windsaveraged over two wavelength range of
144 (68°W to 8C°E) and shown in FigAc, for strong (solid) and weak (dotted) AEW years.
In strong AEW yearshere is astrong negative [u*v*] in th&H peaking at about 20°S on the
equatorward flank of the subtropical westerly jet where thetteeistrongest meridional
shear. This featurie far weaker in years of weak AEW activity, consistent with the untilted

wind structure seen in regression (Fig.13®hjwever, the positive momentum flux on the

equator is quite similar in the two cases. Therefore, there is a much stronger convergence of

Rossby wave activity from th&H into thetropicalwave guide in the strong AEW years.

In addition to the excitatioof WMRG waves with similar phase speeds to$hERossby
waves, the momentum flux convergence will accelerate the tropical easterlies in the upper
troposphere (i.e.\u]/ w~ -[u*v*] y < 0). However, the magnitude is approximately 5X10s?

which isequivalent to 1.5 g if sustained over 30 days. Therefore, although the Rossby

wave convergence into theopicalwave guide gives a positive feedback on the easterly zonal

flow (which strengthens the wave guide), the feedback is weak.

7. Conclusions
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'\QDPLFDO PHFKDQLWRW PQI@\EHIEKIDPI YDULDELOLW\ LQ
H[SORUHG E\ FRPSDULQJ \HDUV ZLWK WKH VWURQJHVW DQG
GLIIHUHQFHV LPHWDIQH|REDYRQ.MGY EHWZHHQ \HDUV Rl VWUR
ZHUH IRXQG LQ WKH XSSHU UDWKHU WKDQ ORZHU WURSRYV
LQ VHDVRQV ZKHQ $(:V DUH PRUH DFWLYH DV IRXQG E\ 1LF|
WKH $(:V DUH H[DIPH@QRHAAHUQVWREBRYVYSKHUMHD OVKE@ E R BN HORXYDH
ZLQG LV VWUR®DXBWW BHOEEH) GV U RSRINWS BIOWIR VKRZQ WKDW
HQKDQFHG XSSHU WURSRVSKHUGFDIERY VE*ZDMWALY EW L Y IQWAHL
ZLWK WKH VWURQJHVW $(:V

Thedynamicalconnection betweeAfrican Easterly Waves (AEWsgquatorial
ZHVWPRYGRLIHG 5RVW\DEALW\ :05* ZBMWHWDMQURSLFDO HTXLYD
EDURVWRBRSER ZDYWYHVURP AMKBY EHHQ LQY HARWIhtdfmWibtdss XV LQJ
for the period 1972010. The methodology of Yang et al. (2003), based on projection of
broadband filtered data onto the horizontal structures from equatorial wave theory, is used to
identify the equatorial wave components, quantifyrtiiariance and identify relationships
between them in the development of AEWs. The analysis is conducted on each pressure level
independently which enables a characterization of the vertical structure and tilt associated
with the wave types. AEW propagatiovas identified by tracking the positive vorticity
centres at the level of the African Easterly Jet (600 hPa).

A case study of the 1995 season was instructive and showed the propagation of the
different wave types and the phase relationships betweenathimes when positive
vorticity centres within AEWSs intensify. Many of these vorticity centres developed into
tropical storms over the Atlantic, some becoming hurricanes. The results were generalized to
the entire climatology by using a method wherelyields were analysed at longitudes

relative to AEW vorticity centres and linear regression was used to extract the structures
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associated with the vorticity at the tracked centre. The results from the case study period were
found to be robust and refldethaviorthroughout the r@analysis.

%DVHG RQ WKWHNEBRWHIKRIQAA WM G XIRWGWKH LQIOXHQFH RI
VHDVRODQ |JRQDG: I6BR FSOUMWMRRQWURSLFYVY WKH H[FLWDWLR
ZDYHV DQG WK WLUD QLROMQRY IWKFDWLRQ RI $(:V

X 6WURMDWWHUOLHYV HQDEOM HI XUIERDAOARWK RVIHF BF&DUDFW F
$(: SHULRGGREBY GLVSHUVLRQ DQDOXY\DMMWHQKREWBWHKD YIWKH
is trapped within the tropical waglide, while longer &ves have strong enough westward
propagation to attain thd day period outside the easterly wave guiBer k=5, waves are
observed to propagate from t&el and converg@nto the equatorial region (Fig.15). When
easterlies are weaker, Rossby wpu@pagation is not permitted north of the equator with the
period-4 days, closing the connection between hemispheres.

X 6WURQJHU HDVWKUIOWL HOS *REESYHWVR WKDW WKH\ KDYH L
GD\V IRU D ZLGH UDQ J,K) RN KAD/ QWM B R DRBIOLGH VXSSRUWYV
5RVVE\ YIXXMVK SKDVH VSHHRBS SWKIN\WEBBSZ P\DEWHKRN V- W K
ZDYHQXPEHWUDQ@&KHY HQDEOHYVY VXVWDLQHG LQWHUDFWLRQ
IORZ DQG H[FLWDWLRQ RWKIGLRPHEIKY @ LREWIOYDWMYHFWLRQ RI S
YRUWLBESNRVBAE\ ZDYH GLVWXUEDQFHYV DNVQWNHAHS®RSLIDQ D @AM
ZDYHQXIRREKHWS* DQG 6+/BRAOH LV IRXKIGWKRH N6 SHU WURSR
ZLWK DQ DYHUDJH SKDFRHWHHMG RAHUSEHBRH WKH ZDYH VWU
UHJUHVV RQWR WKH $(: YRUWLFLW\ FHQWUHV )LJV I
WKH GRPLQDQW ZDY HQHVEHW UJRSILFOR P WKH

X 2YHU 6RXW KD QFHWKHZW V RSUEDOIWIKBHISHU WURSRVSKHUL
HDVWHUZMDHKWH WO ZDYH DB W VWZDUG JURXS YHORFLW\

SDFNHWNDRRWAHRIZGY HU RYHU $IULFD ZKHUH WKH HDVWHUOLIL
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'RSSOYKUIWLQJ WKHUWER @ ILWHSIHD W L B B URH JXXROXABV YLIHID R FIIDW\ D ¢
WKHUMWBRUBEDYH HQHUJ\ PXVW DFFXPXODWH DERYH :HVW $1U

Xx ,QGLYLRBXWDFYW\ FHQWUHVY LQ $(:V DPSOLI\ ZKHQ WKH S
LQ D SDUWLFXODKKHRINLDRSOMURGH LQ $(: YRUWLFLW\ RFF}
PD[LPXP ORZ OHYHO FRQYHUJHQFH LQ WKH :05* ZDYH DQG
WKH HTXDWRU LV MXVW WR WKH HDVW Rl WKH FHQWUH DQ¢
DVVRFLDWHG VRXW RKZHH G TTORWE FDF URW MXVW WR WKH ZHVW
WKH ZHVWZDUG WLOW Rl WKH :05* FRPSRQ H @VNVREKFH® W U D C
:05* VROXWLRQ RQ D URNMWLRS SHOW DH YWD WHYHUJHQFH ZRX
XSZDARRWER®ZHHQ ORZHU DQG XSSHU WURSRVSKHULF OD\H!
FROQYHUJHQERVEK ®@PMZHUYV ZLWK PDWFKLQJ KRELMQWDO VWL
PHFKDQLVP FDQ H[SODLQ WKH H[LVWHQFH RI WKH VWURQJ :
RMU WKH (DVW $WODQWLF DQG :HVW $IULFD ZLWK D YHUWLF
EDURFOLQLF PRGH +RZHYHU LQ VKHDU IORZ WKH ZDYH GL)\
YRUWH[ VIVWWHRFRIDIMOHG ZLWK WKH :05* PRWLRWQSIRNVWRRQ Wi
DPSOLI\ WKH $(: YRUKNLIVFRWEXU\Q WUHQ WKRXUKR WKH >X0$S HID \
WURSRWSKHORQJHU DQG KDYH IDVWHU ZHVWZDUG SKDVH V!
VHH 7DEGMSSUR[PPOWFK LQ IURSGISKMNEWDRGLF DPSOLILFDWLR(
DVVRFZDMMEG ZDY W WKH DYHUDJH WLPHVFDOH RI  GD\V

x 7KH ORZHU WURSRVSKHULF :05* ZDYH VWUXFWXUHV DG"
RHDRDQWHRVW $DQWKH 2/5 VLJQBEWS FR @WHRBAIRQYXG VMR RF
FRQFHUW ZLWK WKH $(: YRUWLFLW\SRHTW W HOD @& HRWDH LW/K/HHY
VWUHWFKLQJ LV DRM¥@QW VKR RWFXHWOHDVH ZRXOG DFW DV D S|

ZLWKLQ WKH ZD@8 WWHXOFRSOLHLFDWLRQ RI YRUWLFLW\
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Xx J)LQDOG)Y DWFRANHLY LW\ | BXF ROQRMMHWHKH LQ WKH WURSLFDO Z
\HDUV RI VWURQUJZKI(VIFAW.W DW\D SRVLWLYH IHHGEDFN VLQF
DFFHOHUDWHY WKH HDVWH WXL GHR 2 QBURQ B EWIH@ID WK HHRZINY t
GHVFULEHG DERYH +RZIRXKQW WRLEHHDI AHDYRXDW G ROMNU E K W
WR PDLQWHQDQFH RI VWURQJHU HDVWHUOLHYV

It is asurprisingfinding that the inteannual variability in AEW activity is more strongly
influenced by the background state in the upper troposphéne 8HthanNH. The
mechanism proposed here is based on the evidence found in terms of the activity in distinct
westward propagating wave ggidentified in reanalyses. Fundamental support for the
mechanism is basemh the dispersion relations f&Ws and WMRG waves and their
propagation relave to a smootly varying background flowfassumed to be represented by
the seasonal mear)hereforethe links are norlocal and connect the hemispheres. They are
mediated by waves with nazero frequency, as opposed to the more typical teleconnections
identified with stationary Rossby waves. An important consequence is that interannual
variability of precipitation across West Africand longer term climate change unlikely to
beexplained solely by local mechanisms, such as the influence of the land surface.

This study has focused on the influence of background zonal flow on wave propagation
characeristics. However, it does not preclude tway interaction wheréhe TEJ is stronger
as a result ofreater AEW activityAlso it does not dismiss other processes which are
important for the initiation and intensification of AEWGteater AEW activitys associated
with more deep convection, latent heat release andrtigan ascernh the rain beltcross the
West Africa. Nicholson (2009) notes this occurs in a year with strong AEW activity and also
the equatorward flow from upper level divergencerngrgjer and so is the TEJ, as would be
expected from an enhanced meridiociedulation and Coriolis effe¢tirning the southward

flow. A positive feedback between enhanced upper tropospheric equatorial easterlies and
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909 AEW activity is plausible. However, ¢ihe are many other remote influences on the Fi6J

910 example, the outflow from the Asian summer monsoamvectionand the wave activity flux

911 convergence frorsH Rossby wavesTherefore, the mechanisms propokede cannot

912 comprise a closeexplanation o AEW interannual variabilityand it would be interesting to

913 explore in more detail the origins of variability in upper tropospheric zonal flow across the
914 tropical Atlantic, especially in th8H.

915 The wave theory used in this study is also far from a camglescription of wave

916 behaviour in the atmosphere. The equatorial wave theory defining the horizontal structures
917 used for projection of the data does not take into account shisar zonal flow. This is a

918 limitation, particularly across West Africa wieethe strong shears associated with the AEJ
919 are essential to the existencABiWWs. However, the analysis suggests that the observed wave
920 structures do bear some relation to the horizontal structube WMRG modend that

921 vertical shear lends the waveslaht tilt, but does not alter thesubstantially This suggests

922 that a more complete theory might be possible where the effects of shear are treated as a
923 perturbation to the structures on uniform flo8gveral approaches to this problem have been
924 attenpted (Andrews and Mclintyre, 1978an andKhouider, 20D0). Key quantities to predict

925 would be the degree of wave tilt, the structure of vertical motion and its phase relative to the
926 horizontal flowand the role of latent heat relealiéhas been argued teethat the ascent is

927 central to AEW intensification by WMRG packets entering Africa from the Atlantic.
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DQG DQG ZHDN \HDUV ZLWK DPSOLWXG
VWDQGDUG GHYLDWLRQ DQG
JLIXUHRQDO ZDYHUHXPEHIF\ SRZHU VSHFWYDD®WI RPHULGLR (
LQ WKH $WQBRWLR VH¥WMRU-&IQFEHP DYHUDJHG RYOHU
K3D DQG E 7KHKER[ LQ EURBDEERNOWKH GRPDLQ XVHG LQ V

DQRG WKH GRWWHG OLQKDQYGLFDWHY D SHULRG RI
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JLIXUKD 9RUWLFLW\ WUDFNV DW  K3D LQ --$6&1 ZLWK
LQGIF BEWHRORXERPIRNADKMFDOHY VKRZ DQ® RYAWMWLGHQRI LW L
E\ JUH\ FLUFOKGBW :®EY P V DW ZLWK YRUWLFLW\ FHQWUHV DV
VXSHULPSRVHG C) LQ HDFK SDQHO LQGLFDWHY KXUULFDQ|
JLJIXKU+RUL]RQ@W®GWY OW IRK3D ZHVOMBRPERQHQWIKHG E
:05* ZDYH VW U XRE\@ X §XJI XGHXV 7KH UHG FLUFOHV LQGLFDW
FHQWUHV DQG DUH VLW ®HL Q PSFRARNYGEH) RV \EESKYERQUM L F LW\
IBILQ G LWRWRHWLFLW\ FHQWUHYV
JLIXUS$IV LQ HEXW IRU K 3 D LOHAZNUGHIAY D QG :08* ZDYH
)LJ +RULJRQWDBIDHYEWG RQWR YRUWLFLW\ FHQWUHV L
D K3D ZHUWWBUGBGEZLQ®ED DBE¥YHV DQG F K3D :05*
ZDYHMKUIHODWLYH ORQJLWXGH DJ[LSR VLW (L DYIR WW HMDWRHE IFW DR Q
5HG UHJLRQWHDUH\VDMMBRYRUWLEFLWY FHQWUHY VL]HG LQ DFF
YRUWLFLW\ ZLWK DQOQLWKRNMH Y HMRWR PH A GW & WK KH
VLIQLIIOADYQHF® DUH VKRZQ
JLIXUMRRQJILWKGHK W ABRVRE V LG UR QB0 WTHWOWHG RQWR
YRUWLFLW\ FHQWUHV LB BHJI(RGVDBGEQWUHBWAD UG
ILOWMDWEIG E MTDVBRVNVEO ZDYH ¥ WIOOEW SRUBIWEO 5 *
ZDYBWL DQG G ZH\OMIDWES(DFK SDQHO VKRZV ORQJLWXGH
YRUWLFLW\ FHQWUHV WKDMWRDVY'G WAEKRMRW HG R/BIHGEMWBL Q@ Q L F L

QHJDWLYH YDOXHV ,Q D EZLIARKDRXONEWBDE RN G
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JLIXUHRQJLWKGHKWHBRVYRQ RI VWDIQE P HQG LGH RIQMVWL R ICX
PV DYHUDJHG IBRQOHIPAL GBWWS (: \AHDW/G KIHIKWIIMUHQFH
EHWZHHQHVKHIDOBGMDWBEI G1 E R DQBE f6 DQ& 05* DW1L
,Q WKH GLIIHWHKGAFHKRBGWY YW WHY H[FHHGLQJ WKH VLIQL
JLYHQ YDULDELOLW\ EHWZHHQ \HDUV

JLIXUHLHOGYVY UHJBHVYRIGWRGWW\ FHQWUHV L WKH UHJ|
DYHUDJHG IRU OHIW FOLPDWRORJ\ PLG®@WH EKWDRQJ DC
ZHVWIDOQWHUHE ZLQKSBH* VWUXFWRWHWL F IFWQBA WIKHN F K
:05* FRPSRONGWDJIJHGRRYKE@LWV G KHLJKW GLDJUDP RI :0¢
HTXDWROULWK WKH $(: YRUWLFLW\ FHQWUH ORFDWHG DW GD'
SRVLWLYH QHJDWER&WRXUXHYWHWHKOMR QIDW PEGH DIUDP RI

K3D :05* HTXDWoRHWGLBODUFOUM JWBIN \DIKGWRRUWLFLW\ FHQWU |
,Q D E F DQG H RQMNVHZI@LG VAHDYEFHBILQJ DUH VKRZQ
the skaded areas denote regions of regressed values exceeding teg@bigance level.

J)LIXUH "HNLWW WPHBGHBR ORXU DDQG KRUL]JRQWDO ZLQGV D
DQG E K3D LQ VWURQJ $(: \HDUV UHJUHVVHE ROWHRGY R L
DW OMIBMQG UBRJKIAWK FRQYHQWLRQV DUH DV LQ )LJ 2Q0\

VLIQLILFDQMKRAHAYHO DUH

JLIXUHKRQDO ZLQGYV DYCHUDKH X RYHW WURERVSBIQGH E
ORZHU WURSRV XGHDWRHBRVLWH IRU OHIW VL[ VWURQJ $(: \HL
ZHDN $(: \HDUV DQG ULJKW GLIIHUHQF BHVZEMNNZWMHR WHEMR LR
FROQWRXU LOQWHQYDODOW&QPPE 7KH VKDGLQJ DUIHHDOIGY WKH ¢

LQGLFDWHW WEHHGYLDOXHVY H[FHHGLQJ WKH VLIQLILFDQFF
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DQG G ZHDN $(: \HDUV 7KLFN VROLG OLQHV LQGLFDWH UH
OLQH LQGLFDWHY FULWWABOZDP [ ¥ HESXAPEHHRUS BRIVPILMG DUH VK
Hl 3KDVH VSHIR®BYV WOEGDORQLQH GHILQHG LQ (T DQG
GRWRAHSE FDOFXODWHG IURM ZT VEK QEVILQ JHVKAVURQJ DQG |
ZHDN $(: \HDUV

JLIXUHRUL]RQWOO® ZLWK RQO\ WKH WLPH PHDQ DQG ]R
UHJHIBVRQWRD :05* PLQLPX®RLUW KHUWKHVUHILR®G: FHQWUHG
VSDQQR@RQJILWXGH DW ODWWRIG) E HBMDNDUV F
+RULJRQWDO PRRH@QWHPAXOR[ZLQGY DWRUWIRGZRYHOHQJWK
IRU VWURQ@IQ&REBDB GRWWRGWY(P\HDINVY XOXHV H[FHHGLQJ
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49



&OLFN KHUH WR GRZQORDG 5H®C

FRORU

5HQGHUHG )LJIXUH

R2

R1

_WMRG _

f
2
/4.
ﬁ\.
NNt
30

|
i

S 3
L N =]
s E =V =
R YR A=)
NS> - N7 c
Ne——7 -— Cal

7 e & o

I s wayEswihy
] PR ~1
VS -— AN\ 1__
1N - 7N\

AR L el NS o
TS5 =7/N—#N roN
e e e ——— 1

N XA

10

- ———— . ———— -

- ————— . ——— -

10

0
Longitude

-10

10

0
Longitude

-10

apmne

-0.1  -0.05 0.05 0.1 0.2 0.4 0.8

-0.2

-0.4

-0.8

Fig.1 The horizontal structures of the normal modes for a resting atmosphereOhlvest-
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ional scale y has been taken to b8 &nd the zonal wave number12.



5HQGHUHG )LJIXUH FRORU &OLFN KHUH WR GRZQORDG 5H®C

40N

30N 1

20N 1

10N+

0 T T T T T T 0 T T — T .
80W 60W 40W 20W 0 20E 40E 60E 40W 20w 20E 40E  60E

[ T T T e [ T 1T
1 5 10 20 30 40 50 60 70 80 05 1 15 2 25 3 35 4 45 5

(c) Amplitude anomaly

0.6
0.4 1
0.2 1
0.0 1
-0.2 1

Amplituder

0.4 84 90

1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010
Year

Fig.2 Statistics of all tracked vorticity centres at 600 hPa, passing through the rétyn 10
35°E, °N-20°N in June-September of 1979-2010. (a) Frequency (total occurrence numbers)
and (b) mean amplitude (Pos?) of positive vorticity centres. The boxes indicate 5 regions
which will be used for regression. Each region spafsniBngitude, centred at 30/, 15°W,

0°E, 15°E and 36E, and 18in latitude, 8-18°N for the two west regions and-%5°N for the

three east regions. (c) Time series of the amplitude anomaly of the vorticity centres within all
5 regions in 1979-2010. Two dotted lines indicate one standard deviation range. There are 6
years with amplitude anomaly larger than one standard deviation: 1988, 1995, 1996, 2007,
2008 and 2010, and 6 weak years with amplitude anomaly smaller than one standard deviation:
1984, 1990, 1993, 1997, 2000 and 2002.
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Figure 3 Zonal wavenumber-frequency power spectra of meridional wyiaicf-18°N in the Af-
rican-Atlantic sector (78V-45°E) in June-September averaged over 1979-2010. (a) 200 hPa and

(b) 700 hPa. The box indicates the broad-band filter domain used in this study and the dotted line
indicates a period of 4 days.
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Figure 8 Horizontal winds regressed onto vorticity centres in the region centRed €)0
700-hPa westward-filtered winds, (b) 700 hPa projection onto WMRG waves and (c) 200
hPa WMRGwaves.The relative longitude axis is 0 at the location of the positive AEW vor-
ticity centre. Red regions are auto-regressed vorticity centres, sized in accordance with the
amplitude of the vorticity with a unit of 1ost. Only those vectors with theorv exceeding
the 95% significance level are shown.
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Figure 9 Longitude-height cross-sections for meridional wind regressed onto AEW vorticity
centres in 5 regions, centred a\BQ15°W, 0°E,15°E and 30E. (a) westward-filtered at

12°N,(b) projection of onto the equatorial Rossby wave structures R1 plus R2Mt (&) pro-

jection onto WMRG wave at’®l and (d) westward-filteredat 12S. Each panel shows longi-

tude relative to the vortcity centres that pass through the region. The solid (dotted) lines indicate
positive (negative) values.In (a), (b) contours start at +/- 0.2, with an interval of 01..4hrr(s)

and (d) contours are halved. In the the shaded areas regressed values exceed the 95% signifi-
cance level.
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Figure 10 Longitude-height cross-section of standard deviations in meridional wind éw-s

eraged for (left) 6 strong, (middle) 6 weak AEW years, and (right) the difference between them.
Westward-filteredr at (a) 12N, () N and (c) 12S and (d) projection afonto WMRG struc-

tures. In the difference fields, the shaded areas denote values exceeding the 95% significance
level (given variability between years)
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Figure 11 Fields regressed onto AEW vorticity centres in the region centréfE pav@raged for

(left) climatology, (middle) 6 strong and (right) 6 weak AEW years. (a) 200-hPa westward-filtered
winds. (b) 200 hPa projection onto WMRG structures. (c) Vorticity stretching by the WMRG com-
ponent averaged over 5% (units 10'1s?). (d) Lag-height diagram of WMRG equatonakwith

the AEW vorticity centre located at day 0. Solid (dotted) lines indicate positive (negative) values
with a contour interval of 0.3 ni's (€) Longitude-lag diagram of 200-hPa WMRG equateriiled

circles are auto-regressed vorticity centres (unit of £8). In (a), (b), (c) and (e) only winds ex-
ceeding the significance level of 95% are shown. In (d) the shaded areas denote regions of regressed
values exceeding the 95% significance level.




5HQGHUHG )LJIXUH FRORU &OLFN KHUH WR GRZQORDG 5HQG

|

(a) OLR and 200-hPa winds 15°W . 0°E N 1 ms*
£ v JA LA ¥ .L/K - - v
TR A Y L S
IR SN I R NSRS R SCPRIRY L 00T
) - - ~ ~ Ve - =
3 NN N SANNDRN I Y/ ; Ny 7
2 0 INEENEN \‘\'\ { L S .// <~ RN N~
§ \ "\ :> \ <\ 4 '{" P }7/ ~{ ;:\ { 5|
124 s - s 4 \\} N T AN . / ~ t { t o~ \ ¢
P N~ Y7 \\/v A NN - Y [NV B SN 3
NN X S~ N>—"7 -] YAy
24 . , e /s . R 1
,a B) OLR and 700-hPa winds o]
- E.;,y + ¥ v E“\ ; 1
~ ~ 1 N-
12 + - = \>/>‘/ ~ - -3
8 LY 4 “Slait
é 0 -~ v/ I's \ -5
8 RN :,’;/ ' 7
124 0 0w s \ — - s
v : T - ; - -9
24 . v T
-40 -20 0 20
Longitue Longitue

Figure 12 Westward-filtered OLR (colour, WAnand horizontal winds at (a) 200 hPa and

(b) 700 hPa in strong AEW years, regressed onto vorticity centres in two regions centred
at (left) 1w and (right) GE. Other conventions are as in Fig. 8. Only winds exceeding
the 95% significance level are shown.
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Figure 13 Zonal winds averaged over (a) the upper troposphere (200 -300 hPa) and (b) lower
troposphere (600-700 hPa). Composite for (left) six strong AEW years, (middle) six weak AEW
years and (right) difference between them, over the African-Atlantic sector. The contour inter-
valis 4 m & in (a) and 2 m'$in (b). The shaded areas in the difference fields indicate the dif-
ferentce values exceeding the 95% significance level.



5HQGHUHG )LJIXUH &OLFN KHUH WR GRZQORDG 5HQG

(a) Basic flow (b) Dispersion curves of equatorial waves

30 : — 0.8 1.25
201 / 0.7 11.43
101 506 LT
8 u =7 b 209 2 2
= L O ]
£ 0 : 2 0.4 MRG 253
- =] _\/ i =
101 | g0.3 = o 339
L 0.2 > - ~.~'Kelvin L5
-201 0.1- N 10
-30 - - - 0.0 —————— —
-20 -10 0 10 20 30 20 -16 -12 8 -4 0 4 8 12 16 20
U/b K
30 (c) Propagation in strong AEW years 30 (d) Propagation in weak AEW years
20 ko Ky 20 \
o 10_ ............ 10_ T A
_g kC < % Sl
2 oo— <. 0+ —_—
50 I
-10+ Ky ki | -10]
-20 - -201
-30 : : : -30 . . .
0 5 10 15 20 0 5 10 15 20
k k

Latitude

.30 i . . . . - - . . . . .
-30 -25 -20 -15 -10 -5 0 -30 -25 -20 -15 -10 -5 0
Phase speed Phase speed

Figure 14 Basic flow and diagnosis of WMRG and RW propagation at 200-300 hPa in the
sector 78W-45°E. (a)U (solid, m &) andb (dotted, 5*10"% m™ s'1) for years of strong
(black) and weak (grey) AEW activity. (b) Dispersion curves for WMRG (solid),
R1(dashed), and Kelvin (dotted) waves, usige?0 m s, planetanb,=2.28*10' mts

LandU (averaged over PRI-12°S) in strong (black) and weak (grey) AEW years. (c)-(d)
Rossby wave propagation diagnosed for period =-4 days using observed zonal wind pro-
files in (c) strong and (d) weak AEW years. Thick solid lines indicate reflection wavenum-
bers and the dotted line indicates critical wavenumber. Permitted wave numbers for RW
propagation are shaded. (e)-(f) Phase speeds'(mfdR0ssby waves (Solidy) alongk,

line defined in Eq. (7) and WMRG (dottem}-MRG) calculated from Eq. (9) using the

with bgandUgin (e) strong and (f) weak AEW years.
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Figure 15 Horizonatl winds (with only the time
mean and zonal mean removed) regressed onto
200-hPa WMRG minimum in v (northerlies) in the
region centred on P8V spanning 3Blongitudes at

lag day -1. (a) 6 strongest and (b) 6 weakest AEW
years. (¢) Horizontal momentum flux [w of full
winds, averaged over -84to 8¢ (two wave-
lengths) for strong (solid) and weak (dotted) AEW
years (units is?). Only values exceeding the
95% significance level are shown in (a) and (b).





