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ABSTRACT. The spatial and temporal variability of energy exchange in Tropical Instability Waves (TIWSs) in the Atlantic
Ocean were investigated. A spectral analysis was used to filterdag Bean results from Simple Ocean Data Assimilation
reanalysis spanning fro®58 to 2008. TIWs were filtered over periods of 15 to 60 days and between wavelengths of 4 and
20 longitude degrees. The main approach of this study was the use of bidirectionally filtered TIW time series as the
perturbation fields, and the differencetirese time series from the SODA total results was considered to be the basic state
for energetics analysis. Timaain result was that thennual cycle (period of ~360 days) was the main source of variability of
the waves, and the sefannual cycle (periodf ~180 days) was a secondary variation, which indicated that TIWs occurred
throughout the yearut with intensity that varieseasonallyBarotropic instability acts as the mechanism that feeds and
extracts energy to/from TIWs as alternate zonal bandsj@torial Atlantic. Baroclinic instability is the main mechanism
that extracts energy from TIWSs to the equatorial circulation north of Equator. All TIW patterns of variability were observed
at west of ~10°WThe present study reveafew evidenceegardirg TIW variability andsuggests that future investigations

should include a detailed description of TIW dynamics as part of Atlantic Ocean equatorial circulation.

1 Introduction

A Tropical Instability Wave (TIW) isdefined @ a cuspshaped oscillation of thequatorial
thermal front that propagates westdiafhese waves are associated \lith seasonal variability of the
equatorial current systerand they are observed when the cold tongue (Figure 1) is well established
(Chelton etal., 2000; Jochum et al., 2004ageckis and Reverdin, 1987; Philander et al., 1986; Steger
and Carton, 1991; Weisberg and Horigan, 198tese westward waves hawavelengtls ranging
from 600 km to 2600 km and per®darying between 15 and 37 daydhe Atlantic OceaiiCaltabiano
et al., 2005; Chelton et al., 2000; Diing et al., 1975; Jochum et al., 2004b; Legeckis and Reverdin,
1987; Pezzi and Richards, 2Q08/eisberg, 1984)and Athie and Marin(Athie and Marin, 2008)
describes a widerange (periods of 1550 days).The formation processs the naturallygeneratd

instability of theequatorial zonal currésystem with alternatinigands of eastward and westward flows
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(Philander, 1976)In the Atlantic, the zonal flows at the top ocean layers are modulated by the coupled
air-sea dynamics and haaestrong seasonal cyglas presented bgtramma and SchotStramma and
Schott, 1999)The authors describatde westwardsouth Equatorial Current (SECS divided by three
bands composedf northern, central and southern regidtiee schenatic surface circulation and its
seasonality are depicteal their Figure 4 and not reproduced herEhe eastward subsurface Equatorial
Undercurrent EUC) is at theEquator; it is strongest in its western portion, weakens downstream in the
east Atlanticand is strongly associated with wind pattefiAkilander, 1973) The strongest seasortgli

is observed for the eastward North Equatorial Counter Current (NE@@his well developed during

the northern fall and has its flow reversed ®stwardduringthe northern sprin¢gStramma and Schott,
1999) In this environment ointense shear with sharp temperature gradieit\Ws are developed and
maintainedthrough barotropic and baroclinic instabilitiegs will be discussed later in this section
Within the annual cycle of the equatorial Atlantic Ocean, TIWs constitute astadjnt feature in
response to thzonal pressure gradient variation throughout the, yelaich drivesenergy from tropical
regiors to other regions of the plan@ox, 180; Weisberg and Horigan, 1981 this way, TIWs can

be considered a fundamentalmponent othe annual cycle ahe equatorial Atlantic Ocean. Although
many studies havexamired energy conversiortd intraseasonal antllW-related variability(Grodsky

et al., 2005; Jochum and MalaneRe&zoli, 2004; Philander, 1976, 1978; Philander et al., 1986; Proehl,
1998; von Schuckmann et al., 2008; Weisberg, 198diskiérg and Weingartner, 1988here is no
consensuso dateregardingwhere (at the surface or at depth and at vidi#ttude and longitudeand
when (time of the yeagnergy exchangese triggered or maintained the Atlantic OceanTherefore
someaspectgelated toTIW physicsthat will be consideredn this studyare open questionsA brief
review is presented to highlight sokey points.

The dynamics of TIWs have been studied using various methodologies since they were first
identified in he ocean during the late 19703%Ws were first recognized by Diing et éDuing et al,
1975)in the Atlantic during the time of the Equatorial Oceanographic Experi(Dénmhg, 1974) and
the scientific community has since continued to investigate these waiieg) et al.(Diing et al.,
1975) usedin situ temperature, salinity and velocity to study the meandering of zonal equatorial
currents and westward propagating waves with 2600 km of wavelength and periodiags Based on
theseobservatios, PhilanderPhilander, 1976presented thérst hypothesis concernirtpe occurrence
of TIWs, associatinghe natural instabilities oéquatorial zonal currentsith the alternate bands of
eastward and westward flows. Philangaowed that according to ageostrophic dynajvdegen beta
effecs becomeimportant, the divergence enhances thertial stability of eastward currents and
destabilizes westward flows. The barotropic instabiisulting fromthe zonadshear between the SEC
andNECC would thusbe a TIWHriggering processvith arapid growthr a t e . Webtsesatiosrr g 6 s
basedstudiesin the 1980s inthe Atlantic(Weiskerg, 1979, 1984, 1985; Weisberg and Horigan, 1981;
Weisberg and Weingartner, 198@)eatly contributedo the understanding dhe main characteristics
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and seasonality ofFIWs. Despite the considerable advance in TIW characterization made in those early
studi es, i ncludi ng Rthesparsingitdata sistribigienslid ot attoa foccthel a t
use of a bidirectional filter to properly isolate the spatial and temporal frequencies and period bands of
the waves. This fact most likely hasntributed to the influence of other seasonal oscillations than
TIWs on the equatorial Atlantic, though the filtered signals were most likely highly TIW dominated.
Weisberg and colleagues obsentbdt thestrongest activity associated with TIWs occurreshf July

to September at the Equator and wgemerated by barotropic instabilities at the anticyclonic shear
(n.h.) betweerthe SEC and NECC and withinthe SEC (cyclonic shear). Using numerical modeling,
Philanderet al. (Philander et al., 19863howed that the barotropic instability betwebe SEC and
NECC from the surface to 50 meters at 28°W at tipgaor was the main generation mechanitms
corroboratingWeisberg(Weisberg, 1984)Philanderet al. (Philander et al., 198&lso showed tha
TIWSs extract potential energy from the main currefitse present study suggests that due to the distinct
methodologies applied tobserveddata and model results over the years, the results are ambiuous
there is some unknown TIW variabiljtgs Weiberg and WeingartngfWeisberg and Weingartner,
1988) Proehl(Proehl, 1998)and Grodsky et alGrodsky et al.2005) havesince contradicted those
earlier studies andoncluded that the anticyclonic shear of FRECC was not important for TIW
generationConverselythese more recent studies found thyatlonic sheawithin the SEC just north of
Equatoris the main process involved ienergy conversioand he shear between the SEC &ldC is

also an energy sourcilore recently, he study of TIW energetics conducted by vogtsickmam et al.

(von Schuckmann et al., 2008)rroborated both hypothes€SEC/NECC and SEC/BUshear).Im et

al. (Im etal., 2012)also evaluated TIW variability (in the Pacific) using model results and energetic
analysis. However, the authors' filtered TIWs used on eddy kinetic energy equation wadayahigh
passfiltered time series, and the mean state considersdiveamonthly mearNone of theabovecited
authas completely isolatedhe TIW signal from their datatiodel resultsAppropriate filteringis a
fundamental aspect to be consideletauseother intraseasonal oscillations can be includedhie
analysis.There is some discussion regarding wave type at the idesfieatral band of TIWs, which

for instancepccussin the region east of 10°W in ti&uinea Gulf areaandconsideationsregarding the
spatial limits of TIWs. This isan longstandingdiscussionsee Weisberg et alWeisberg et al., 1979)

with some recent studiesgardingthe intraseasonal variability algnhe equatorial Atlantic and Guinea
Gulf region, e.g (Athie and Marin, 2008; Bunge et al., 2007; Guiavarch et al., 2@8jilarly, in the
western regionat approximatel809, there is aconcomitant occurrence ghort Rossby waves with
spectral characteristigmilar to thoseof TIWs, as shown by Polito and Sgfeolito and Sato, 1029)
These authors speculdtthat instaility processesnight also generate these short waves. Thtsse
papersshow the difficulty indefining spatial limits for the occurrend@d@Ws in the Atlantic and this
result can be attributed to the methodologies apptlaes far Additionaly, distinct types of waves

identified by filters will surely leada distinct results, as argued hyman et al.(Lyman et al., 2007)
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However Caltabiano et al(Caltabiano et al., 2005uccessfully isolated (usingatial and temporal
filters) TIW variability on satellite SST and defined the region of highest variability as betmgeen
1°N and 2°N anfletweer25°W and 10°W in the Atlantitom January 1998 to December 2001.
Broadening the conceptioof TIWs asan equatorial mesoscale feature aheir role in the
oceans, t hese waves direar febtwe nodulated by the lehr geeses &
zonal pressure gradient adjustment a sted byt Weisberg and WeingartnéWeisberg and
Weingartner, 1988)In comparison, Weisberg and Weingartr{g¥eisberg and Weingartner, 1988)

showed that the rates of energy conversipmdrotropic instability relativéo TIWs in the Atlantic are

i n

similar to the levels observed for western boundary current energy exchange. Baturin and Niiler

(Baturin and Niiler, 1997galso notedhat the kineticenergy perturbation during TI\&easa is one of
the most intense ithe worldd sceans. Previously, Cdxox, 1980)obsenedthatthese waves redude
the perturbation energy accumulation in the shallower layers of the pe@an®/eisberg and Horigan

(Weisberg and Brigan, 1981)onsidered TIWd0 have a stabilizing effect adhe oceanbecausdhe

waves are responsible for redirecting energy from the upper equatorial oceans to deeper layer

(Weisberg, 1984andhigh latitudes(Farrar, 2011) Davey et al(Davey et al., 2000pbserved that a

consistent representation of the upper ocean equatorial mixing and circulation is imperative to avoid

amplified systeratic errors (cold bias in SSTi icoupled models of climate repration, since TIWs
have important role in the atmosphere (Seo et al., 200 role of TIWs in climate modeling was
addressed by Pezzi and Richa(@&zzi and Richards, 20Q03Jochum et al(Jochum et al., 2004a;
Jochum and MalanotRizzoli, 2004) Seo et al(Seo et al., 2006dnd Ham andKang (Ham and Kang,

2011) In particular, Ham and KanfHam and Kang, 201laptained improved results for prognostic

simulations usingoupled modelscorporating the variability oPacific TIWs.

Finally, TIW adivity is described as havirgirong seasonalitfdochum et al., 2004a)he onset
of waves is generally observed May (Jochum and Malanotieizzoli, 2004)or June(Grodsky et al.,
2005) and lastsuntil SeptembefGrodsky et al., 2005; Weisberg, 198#owever, TIW activityhas
alsobeenobserved outsidéhe rangeof those months during sonyears(Bunge et al., 2007; Perez et
al., 2012) Again, this discussion and distinct charaistcs might beassociated with different methods
of filtering data/model results only in time or space frequency bandiggh TIW variability Using a

bidirectional filter applied to remotely sensed sea surface temperature (S8M@biano et al.

(Caltabiano et al., 200®9)bserved TIW seasonality fron®a8 to 2001, which varied from year to year.

Perez et al(Perez et al., 20)also used satellite data with temporal and kbaadpass filter to study
TIW variability in the Atlanticand found peak TIW variance during summer maonifise main
conclusionof these studiestroducesa paradigmwhy would TIWsonly occur during some months if
theirroleis to drive excess of energy from the equatorial region?

In the present studyve aimed to study the TIW variability in the Atlantic Ocean aewisit the
discussion of TIWgeneration ad propagation processdaergeic analysis was applied to theday
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mean results of Simple Ocean Data Assimilation (SODA) Reand{yaiton and Giese, 2008grsion
2.1.6, for the period of 1958 to 2008. The use of a reanalysis as a long time series lead to a mor
consistent representation of seasonal time scales due tepdttion of dynamic cyclesThis study
applied a twoftd approach: a bidirectional (period and wavelength) band pass filter was used to extract
the TIW signal, and this field was considered as the perturbation, and a transiewfefieneent) basic
state was defined, both for energetitsvill be shown thathis methodobgy maintairs TIW signal in a
mannersimilar to thatreportedby Pezzi and Richarddezzi and Richards, 20Q03}altabiancet al.
(Caltabiano et al., 2008nd Pezzi et alPezzi et al., 2006)Consisent advancements regarding TIW
physics and dynamics will be achieved with the employment of this methodology.

Details regarding SODA simulation data processing and filtering are provided in the
Methodology section. In Section 3, the filtered data arertdbestand discussed and the main patterns
of intraseasonal and TIW variability are identified. Subsequently, a comparison of the spectral
characteristics for the filtered data is performed. Finally, the main conclusions are summarized in

Section 4.

2 METHODOLOGY
2.1 SODA and TMI data
SODA is a multiinstitutional project for reconstituting past ocean states using ocean modeling

conducted mainly by the Department of Atmospheric and Oceanic Science at Maryland University.
Previously to the SODA version 26lused in this study, loAgrm climatic ocean simulations have
been performed and improved (James Carton, 2011, personal communication).

The ocean model of SODA was the Parallel Ocean Program (POP) (Carton and Giese 2008)
POP is a BryaitCox-Semtner (from Geophysical Fluid Dynamics Laboratory, Princeton University)
derived model, and at Los Alamos National Laboratory, this model has been adapted for massively
parallel computing to solve the equations. A free sea surface height (SSH) formulation waedinclud
(Smith et al. 1992). POP for SODA simulations has global coverage with a spatial resolution of 0.25° x
0.4° and 40 vertical levels with 10 meter spgoifi the surface level@Carton and Giese, 2008)he
model was initialized with hydrographic information from the World Ocean Database(28®%son,
2006)devel oped and distributed by NOAAGs Natione
ocean topography was used to genetlagebottom boundary conditiofCarton and Giese, 2008
nontlocal K-profile parameterization (KPP scheme) was adopted for ventigithg and a biharmonical
mixture for horizontal mixing(Carton and Giese, 2008 Atmospheric da from the ECMWF
(European Centre for MediuRange Weather Forecast) ERA reanalysis were used for the surface
fluxes, covering the period 1958 to 2001. From 2002 to 2008, the database was changedhteRA
(Czeschel et al., 2011Jhe SODA dataset was obtained for the period 1958 to 2008-dayadverage
with a horizontal resolution of 0.5° at http://soda.tamu.edu/assim/SODA_2.1.6/5DAY.
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SODA data have bearsed to investigate TIWs [§oonrll (An Soonll, 2008; Soorll, 2008)in
the Pacific Ocean. An ocean reanalysis product such as SODA is useful for studying the processes ar
interannual variability considerints reasonable long time spébewitte et al., 2008; Du and Qu, 2010;
Schoenefeldt and Schott, 2008YJonetheless, a comparison between the filtered SODA surface
temperature and satellite sea surface temperature (SST) was performed to verify the representation
main TIW pattern by SODA and is presented in the next section. The SST dataset used was a merge
product derived from measurements of the Tropical Rainfall Measuring Mission Microwave Imager
(TMI) and the Advanced Microwave Scanning Radiometer (AMBRTMI and AMSRE data are
produced by Remote Sensing Systems and sponsored by the NASA Earth 34EemSERES
DISCOVER Project and the AMSR Science Team. The data are available at www.remss.com. The
SST data have a spatial resolution of %4°, and for the present study, the time series was 6 years, fro
2003 to 2008, and was obtained as daily fields. Tdily &ST product was used for comparison with
the 5day SODA results to avoid underestimation of the TIW signal. The filtering method applied to
both datasets (SODA and satellite SST) is described in the following section.

2.2 Data pre-processing and filtering

SODA fields of temperature, salinitSH zonal and meridional velocity components for the
tropical Atlantic region (fromm 20°N to 20°S and 40°W to 15°E with 40 vertical levids)the entire
period (1958008)were treated to remove spurious dédterewere somenota-number(NaN) data
along the SODA 2.1.6 -Bay mean databaseAdditionally, a vertical velocity component was
calculated using the continuity equation, dineldensity fields were calculated usiad/latLab seawater
script for density usinghe nonlinear equation of statéFofonoff and Millard, 1983; Millero et al.,
1980) The data wererganized as longitude x time matridesperformthefiltering. To filter the data
in both dimensiongspatial and temporal), a Fourier 2D directional filter was designed using-a two
dimensional fast Fourier transform (2DFFB.band pass filter was applied to the data matrices to
retain periods from 15 to 60 days and wavelengths from 4° to 20° of loegithdch wasa slightly
wider range than Caltabiano et @altabiano et al., 200®pnsideredHere, hesefiltered datawill be
called TIWdata.

For dominant wavelength and period estimation, a spectral analysis using the fast Fourier
trangorm was applied tahe TIW data. To calculate wave speed, the Radon Transform technique
(Challenor et al., 2001; Deans, 1988}¥ also applieecausét has been successfully used by
Caltabiano et a[Caltabiano et al., 2005pezzi et al(Caltabiano et al., 200%8)nd Athié and Marin
(Athie and Marin, 2008jo study TIWs and intraseasonal variability.

2.3 Energy budget
Energy transferenceslated to TIWs have been studiading time series decomposed ithe

(temporal) mean state and its deviatimyne.g, Weisberg and Weingartn@Veisberg and Weingartner,
1988) Masina et al(Masina et al., 1999Pezzi and Richard®ezzi and Richards, 20Q3jpchum et al
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(Jochum et al., 2004byon Schuckmann et.alvon Schuckmann et al., 2008mong others. In all
thesestudies the mean state was considered to bdithe-averaged fieldait eithermontHy or yeaty
time scales. Howevehecausave have spatially and temiadly filtered TIW signabk from the SODA
time seriesthe present studgdopted a disct definition for the fluxdecompositionTo analyzethe
TIW energyas a perturbatiorthe basic state as a subtraction of SODA total di@hinus TIWfiltered
datawas consideredaccording tahe following formula

t'=T-T, Q),

whereT is the 5day average temperature directly extracted from SORAs thetemperature for the

basic statandt' is the filtered (TIW temperature. Thiglentical decomposition was performixa the
SODA available (danity, zonal and meridional velocity components and SSH) and derived (density,
pressure and vertical velocity component) fielfleus the time evolution of energy transformations
between TIWs and the basic statas analyzedwhich include all intraseasonal energy that could
interact with TIWs

Orlanski and KatzfeyOrlanski and Katzfey, 1991) s ed tr ansi ent fAmeano
analy®s to study the energetiof cyclonic wave in the atmospherénowever the authorgustified the
mean state transience by adding a forcing term related tootisteadiness of the time mean in the
mean state ahe momentum equatiorSubsequentlyLackmann et allLackmann et al., 199%pplied
a similar approach wittan unsteady background state ftire energetic arlgisis of atmospheric
cyclones. Similar tdoth studes, the eddy kinetic energy (EKE) equation used here rertnscal
with identical energy conversion termalthoughwe considered transient basic state. However, for
clarification, the system of energy equationas derived to show the responsibkrms for the basic
state transience.

Following a similar approach used by Orlanski and Katfeganski and Katzfey, 1991)ve
derived the kinetic energy equatioisingthe classical method (bgubtractingthe time mean othe
momentum equations from the total momentum equatiSimilar to the approach taken by these
authors wetook into account theaon-steadiness of the basic staf@e full EKE derivatbon under such
considerations idescribedn the appendix

The analysis waconducted in this study by performiagalculation of hese energy conversion
terms and their temporand spatial patterns are described in the follovgegtion.

3 RESULTS AND DISCUSSION

The filtering method was applied for the tropical Atlantic domain from SCEBBfore themain
discussionthreespectra a& shownin Figure 2to elucidate the variabilityeferred in the subsequent
sections. Tie powerspectra for théotal and basic states and Thhe series of temperatufer a grid
point of 0.25°N and 2@5°W are presented his location was chosen because it is, on average, at the
central point of maximum variability observed with the standardatien fields showed on Figure 5
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(described later on)rhe TIW spectrum(Figure 2c) cledy showsthe filtered frequency band. In the
total and basic statgectra (Figures 2a and b, respectively@ highest variabilityvas at the annug~
360 days)and senyannual(~ 180 days)periods A similar pattern was observddr spatial spectra
(wavelengthutit is not shown.

3.1 TIWsin SODA and satellite data
The temperature athe first vertical model layer vsacomparedvith TMI/AMSR-E SST to

evaluate the reliability ofemperature representation by SOD#Agure 1 has two panels showing daily
satellite SST for 16 August 200énda five-day average SODA for 1t» 17 August 2006. TIWs wer
observed witHdistinct wavelength$or both datasetdn Figure 3 these differences are shown with the
longitudetime plots of temperature along tlaitude of 0.25°N (Figures 3a, b andfa) both (satellite
and model) An underestimation of TIWamplitude inthe ocean mode{Figure 3b)was observeavhen
compared witlthe satellite datgFigure 3a) TIW phase velocities we alsodistinct (Figure 3c) during
the strongest season of TIWs #003. However, TIW variability was qite well reproduced. [gctral
characteristicssuch as the dominant periods and wavelengthse calculated and analyz&dm 2003

to 2008 andare shownn Table 1. Overall, TIWs were shorter tine satellite SST than ithe SODA
reanalysis whereastheir periods wereapproximately identical These differences were expected
because of thavo distinct methodsf SSTestimation However, TIW physics weravell represented in
the SODA simulation and thus the related processes coude studied.There is a corernin the
literature regarding thmfluence of data assimilation procedurestioaTIW representation (see Imada
et al. (Imada et al., 2013fpr example)and whether thes@rocedurexan dampn or intensify TIWSs.
However, we are not aware of arpesific studyregardinghis influence omIWs in theSODA.

3.2 TIW data and variability
In thissection,only results usinghefiltered SODA datg which we call TIW dataare discussed.

The felds of temperature, salinity arnde three velocity components tine first vertical mdel layer
(for instance12 to 17 August 2006) used to calculate energy conversion betwsen the basic state
and TIW data are shown in Figure 4n this illugration the basic state and TIWata are plotted
showing the same wave trainavnin Figure 1. In the basic state nsafhe middle panels of Fure 4,
TIW oscillations (right panels in Figure) 4night not havebeen totallyremoved from the total fields
(left panels inFigure 4. Thisfactcan be attributed to the spectral range used in the filtet¢l&-day
periodsand 4° to 20° degrees of longitude for wavelength), whely not have captured the entire
spectum of TIW characteristics irthe SODA results.Nonetheless, we observe thaetmain TIW
pattern wasuccessfullyfiltered out from theotal fields Notably,the oscillations observed in thetdl
temperature field (Figuread east of 10°W were not TIWW&cause these oscillations watso observed
in the tempertire basic state field (FigurdX In general, at leastifohis short analysis (in this casi?

to 17 August 2006), spatially, TIWs startagiproximatelyl0°W, propagating to west of this position.
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The region of maximum varialty of TIWs is shown in Figure .5The maps othe standard
deviatiors of temperature (Figure 5a), salinity (Figute) Sthethree velocity components (Figwc, d
and e) inthe first vertical layer andea surface elevation (Figurf Show that the maraum variability
was mainly west of 10°W t@pproximately40°W. However, certairvariables exhibited distinct
patterns.The maximum temperature variability was shifted eastwagtiveenthe longitudes of 35°W
and 5°E. This spatial distributiomas similar to that obsergteby Athié and Marin(Athie and Marin,
2008) Additionally, the maximum temperature variability of theirtraseasonal filtered SST
(approximately 0.7°C) wgahigher than the maximum estimatetdh@pproximately 0.25°C Thisresult
shows that TIWtemperature anomaliegere adominant source ofariablity in the centralequatorial
Atlantic, likely modulatedthe seasonal cold tongud&he salinity also showeda region of high
variability coincidentwith that observed for temperature lmainally shorter. Howeveg maximumof
salinity variabilitywas observedround the African coast ithe Suthern Hemisphere (Figureld. This
maximum may have maskede cental equatorial Atlantiomaximum.Recently Lee et al.(Lee et al.,
2012) showed that the TIW signaturein the Pacific Ocean usingatellite salinity fieldshas
characteristics that adéstinctfrom those examined based saiellitetemperature, which suggests that
different types of waves ocguhermodynamically decouplinidpe TIW signatures revealed by salinity
fields and those revealed by temperatiifee velocity fields (Figurebc, d and egxhibitedtwo regions
of high variability. The strongerariability wasconcentrated within thiew-latitude degrees around the
Equator, slightly shifteda the north and asecond area was in thedhern Hemispherbetween 32°W
and15°W.Finally, the SSH (Figure 5f) exhibited a completely different pattern, which was rkelst i
associated with largscale oceanic variability, and these features were not investigated in this study.
Athié and Marin (Athie and Marin, 2008)valuated the standard deviasoaf the intraseasonal
variability observed in the equatorial Atlanfixceanusing 10 to 50 day filtered sea level anomaly
(SLA) time series from AVISO. Té authors observeaimaximum value of 2.1 cm of variabiljtyhich
is mud higher than values in Figuré. Due to the wider spectral band used to filter the time series, an
even wider variability was observed by von Schuckmann givah Schuckmann et al., 2008)Iso
using SLA from AVISO, with a maximum variability of 5 cm. This discrepancy was strongly associated
with the distinct filtering processes used in the three studies as well as the methods of reanalysis.

The study of the main ocean model variables@ated with TIWSs is important to describing the
waves' sighatures and comparing them to those reported in previous studies. However, the kineti
energy is also an important parameter in the study of TIW variability and is investigatethtiérs.
study,as described in Section 2.B\Ws wereconsidered to b#he perturbation fieldor the energetics
analysispresented in the next sectidts kinetic energy is called TIWinetic energy TIW KE). A EKE
calculationsimilar to that used bWeisberg and Weiragtner(Weisberg and Weingartner, 1988as
performed. The model gridcation nearest to the point where data were collected and studied by these
authors was chosen, and the calculai@¥y KE was plotted (Figure )6to enable a comparisonith



their valuesand description(their Figure 5) Weisberg and WeingartnéwWeisberg and Weingartner,
325 1988)used perturbation arounde 25-day average ata on first 10 meters (depthyVe observed some
seasonal variability in the TIW KE (Figure 6), but it was clearly not as marked as the seasonality
observed by Weisberg and Weigart{feisberg and Weingartner, 1988stead there isconsiderable
seasonalariation in strengthof the TIW KE associated witlphases othe absence/presence of the
waves.This pattern was evident on maps of the thmemth average statistical mean (Figure 7) and
330 standard deviation (Figure 8) of TIW KE using the same units of Weisberg and Wein@afansverg
and Weingartner, 1988)he TIW KE observed here was three orders of magnitude higher than that
reportedby Weisberg and Weingartn@Veisberg and Weingartner, 198&8sed a perturbation EKE.
This difference can be attributed to distimsethodologiesised(observed dataersusmodel results and
distinct filtering methods)The $andard deviatiorfFigure § revealedthat the main variatianin EKE
335 arejustnorth and soutlof the Equator and between approximately\&7and 20W from Septembeto
February ad between around 3& and 25W duringthe rest of yearAdditionally, the TIW KE mean
found in the present study is very similar to the restdisnd by von Schuckmann et @&on
Schucknann et al., 2008kee their figure lcthough the considerations regarding the different
methodologies employed still appBesides the comparison with previous studies, important to notice
340 s that the EKE was almost constant at seasonal scale (Bgurhis is a striking result of the present
study and the following analysmll emphasize this first evidence.

To evaluate TIWActivity andspatial and temporal variability during 51 years of simulatioar
indexes were create&or this calculationthe absolute values of the filtered SODAlI&y mean time
series (TIWdatg of temperature, salinity, the three velocity components and sea surface elerxgition

345 used Each index valuevas calculated as the arithmetic mean of the sum of the absolutes\alTéwW
data, for each variablever the boxeach limit(Figure 1b) for each timestep (5day average)Absolute
values were used teepresent the real TIVWihtensity and evaluate its occurrence trough the time
Additionally, these limits were chosen based on the standard deviation ar@dyismedin the
previous section. All index boxes wengthin the latitudes of 4.45°Shd 4.75°N. The East Index (EI)

350 was from 10.25°W to 9.75°E, thWest 1 Index (W1l) wafrom 20.25°Wd 10.25°W, the West 2 Index
(W2I) was from 30.25°W to 20.25°W anldet West 3 Index (W3I) veafrom 40.25°W to 30.25°W.

To identify the main temporal oscillations related to each region (index) and variable, a simple
spectral analysis was applied to timae series for each indeand te results are shown in Figure 9
The interannual variability weanot investigated hei@ recentreference for thisubjectis thestudy of

355 Perez et al(Perez et al., 2012Thestrongest variability observed w#ée annual cyelfor all variables,
exceptfor meridional velocityin the astern rempn (Figure @), alongthe entireequatorial extension.
Thisresult did not suppothe pattermpreviously observetbr TIWs (Bunge et al., 2007; Grodsky et al.,
2005; Jochum et al., 2004b; Weisberg, 198d¢rhaps because the annual periodicity was not
investigated by those authoiihe work of Caltabiano et.glCaltabiano et al., 2005yas the onlyone

10



360 in which the TIW signal was appardgtrepresated throughout theyear for the Atlantic(it was not
possible to confirnthis finding because the color scalsed in their figure make it unclgamhese
authors also used a directional filtethich is a fundamental methodology foore effectivelyisolating
TIWs. The fact that the annual cycle svdhe strongesindicatesthat TIW anomalies occued
throughout theyear but beaae visible (and most intense) the surface temperature fields only with

365 theappearance of theeasonal cold tongue. We also speculate that becauseatisgmecef the annual
cycle peak in the meridional velocity time series spectrum for the El and because the El is always the
weakestindex in the spectral analysigigure 9) the annual cyckof temperature, salinity, SSH and
zonal véocity at this equatorial arewas most likely relatedto other phenomena than TIWas
discussed bywWeisberg et al(Weisberg et al., 1979nd Philander(Philander, 1977)There & no

370 consensusegarding whether thantraseasonal vability in the Gulf of Guinead a result of TIWs
(Athie and Marin, 2008; Bunge et al., 2007; Guiavarch et al., 2@0@)further studiesegarding its
dynamics willhelp to elucidat¢his hypothesis.

A semiannual cycle (180 days) wadentified for all the western iedes for all variables
(Figure 9, and this spectral peak waever strongethan the annual peaBased on previous studies

375 using intrasasonally (not only TIWSs) filtered time series with limited spatial extessénd shorter
time spandrom observed data anodel results, the expected TI®¢asonality wathe 4 to 5month
variability. The longer time series used showed that this waseondary variation.This 18Gday
variability was also a new resulfThe characteristics oTIWs havenot previously beestudied using
ocean reanalysis model resultsth all variables. The preseminalysisrevealedand reinforcd the

380 intense seasonalitf TIWs, but this wa not the dominarform of variability.

The weakest TIWbsdllation observed in the indegpedra (Figure 9 wasapproximately 120
days This periodicity wabservedor temperature (Figure 9a) and zonal velocity (Figuwkif the
middle equatorial regioffor W2l and W1l indexes).dt the meridional velocitythis peak occurred in
the W3l and W2l indexegions.Because of this scarcity, the @@y variability observed in the series

385 was not associated with TIW dynamics.

For these fivespectrathe TIW variability wes always more intense in the middle equatorial area
between 30°W and 10°W. This result corrobardteose reported byWeisberg and Weingartner
(Weisberg and Weingartner, 1988pchum et alilJochum et al., 2004paltabiano eal. (Caltabiano
et al., 2005)and Athié and Marir{Athie and Marin, 2008dr the Atlantic Oceanln fact, the analysis

390 showedhat TIWanomalies wer also observetthroughoutthe year andavith interannual variations.

3.3 TIW energy exchange
In this section the energy exchanges dflWs are discused. The results showrfor the

: & (v, v, &0
barotropic groé u'cu V' u'h+v'h-"
e

: +«E, Kelvin-Helmholtz
ix Ty ix Ty dp
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g}o% u'g\e/v'%% va\a/v%g,g and baroclinic(- gr'w') energy conversion ternvgere averaged for the
whole reanalysis time sparmhe reader is referred to the appendix for the kinetic energy equakien.
maps ofthe mears (left panels) and standardedatiors (right panels)of the three forms of energy
conversionare plotted inFigure 10 The pper ma@s representhe barotropic (Figures and b)the
middle panelsepresenthe Kelvin-Helmholtz (Figures 1€ and d) andthe bottom m@s representhe
baroclinic (Figures 18 and f) energy conversion termskxd. (15). In generalall energy conversions
occured between ~ 7°S and 5°N'he larotropic energy exchanges related to the horitastiaar
(Figures 1@) playd the majorrole. Barotropic energy cwersion trough horizontal shear sva
important for the generation and propagation BiWs (associated withpositive conversion terms
values i.e. TIWs extracting energy from basic state) southihef Equator for theentire equatorial
extension Figure 1@). Southof the Equatarthe negative valuesharacterize the energy transference
from TIWs to the basic circulatiohis could be related to some instability of SEC s¢ddthum and
MalanotteRizzoli, 2004) but it would be anralysis covering moraspects of thelynamics of the
equatorial circulation and this is not main gef this studyFor the vertical shear (KelwiHelmholtz
conversion,Figure 1@), the mean pattern wahegain of energy by thevavesfrom the basic state
alongthe entireequatorial extensionrhere wa also a second zonal extension of pasitaluesfor
Kelvin-Helmholtz between 5°S and 2°8om 35°W to 10°W.For both barotropic energy conversions,
the hgh valuesof standard deviatian(Figure 1® and g characterizé the mean valugas a non
significant pattern fothe EquatorAlso, theseresuls suggestedhat the end of the trajectory of TIWs in
the Atlantic Ocean was between 40°W and 35Pially, for the baroctiic energy conversiongigure

10e), there wa a pattern of TIWs driving enerdy the basic statgist northof the Euator with the
oppositeresult occurring sah of the EquatorHowever,main region of meaanegative values north of
the Equator wa associated witla high standard deviatiorFF{gure 1@), which wa related to a high
variability in this area. A similar meridional gdribution of the mean basclinic conversions was
observedoy von Schukmann et glvon Schuckmann et al., 2008)e conclude that vee of 10°Wand

north of the Equatorthe maingenerating mechanism for TIWs svdarotropic conversion due to
horizontaland verticaflow sheas and that TIWs drive energy back to the equatorial circulation trough
baroclinic conversionSouth of the Equator, a less intense TIW signal is generated and kept trough
baroclinic and KelvifHelmholtz energy conversion and the waves drivegnback to the equatorial
circulation trough horizontal shearhis pattern is quite zonally defined, which suggests almost steady
conditions (there is slight variance in negative values in the region of NECC, but it is not visible at this
color scale) ohorizontal shear occurring on the equatorial band and its importance to energy cascade,
as discussed by Weisbemgd HoriganWeisberg and Horigan, 1981he seasonality for each energy
conversion term was further explored but it is not shown because of the low variance lice¢hgges

of energy conversion, which reinforces this hypothedisWeisberg and Horiga (Weisberg and
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Horigan, 1981) The baroclinic conversion term exhibited a zonal region from the Equatimiust
4°N, where TIWs lose energy to the basic state flow.

The quantities of energy conversion terofiservedn this studywere not comparable withny
previous study of thgeneration processes TIWs probablybecausea directional filter was useith
this studyto isolate TIWs from time series. Pezzi and Richgiszzi and Richards, 2008sed a
similar methodologyhowever, their simaition was climatological andxaminedthe PacificOcean.
The authorsalso demonstrated that thehoice tomixing schemes in model configurati strongly
influencedthe occurrenceof TIWs (Pezzi and Richards, 20Q03hus,differences in spatial and tenmab
variability and quantities we expected. However, some considerations can be regdalingpatterns
of positive and negative values,eevfor studies focusing on equatorial intraseasonal variations. In the
barotropic instabilityseasonal maps ofon Schuckmann et .afvon Schuckmann et al., 2008
distinction betweenpositive and negative values between the Southern and the Nortremispheres
was observegtheir Figure 8). The time mean barotropic conversion calculated by MasinéMasina
et al., 1999hlsoexhibited asimilar spatial distributionvith respect to the diator. The time mean of
barotropic (hazontal) energyconversion time seriesigure 1@) also presentetlhis alternate pattern
near the EquatofThis also draws attention to the importance TIWs have to the equilibrium state of
energy at the equatorial Atlantic

The spectral character of engy conversions shownin Figure 11 For the three types of
instability, the annual cycle wahe strongedorm of variation followed by the semannual cycleThis
result corroborates the earlier analysis with tmelax variables,thus reinforcing that TIWs occur

throughout the yeawith different modes of variability

4  SUMMARY AND CONCLUSIONS
In this paper, thepatial and temporal variabilityf TIWs in the Atlantic Ocean wasvestigated

with a focus orenergy conversion3he5-day nean esults ofthe SODA ocean reanalysis version 2.1.6
spanning from 1958 to 2008 were used. Time series of all the available variables (SSH, temperature
salinity, zonal and meridional velocitieand alsoestimatedvertical velocity were filtered using
directional bangpass filterthat maintainedscillationsat 15 to 60-day periods and wavelengths of 4
to 20-degreesThen the classical energetic analysis was appleethése filered time series containing
TIW anomalies. A basic state was consideas being the total SODA time series subtracted timm
anomalies and the energy conversion terms fitle barotropic and baroclinic instabiks were
calculated.

Despite the reasonable caution regardmathematical and physical approximatiamsed in
ocean modeling, theesults presented here are useful to promele insightanto TIWs. Some previous
studies (Jochum et al., 2004b; von Schuckmann et al., 2008 also used ocean modeisstudy

(temporal) filtered TIWgeneration processes the AtlanticOcean However, a directionally filtered
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time series of TIWs to more concisely investigate wave generbidmot been presented itme
literature When TIWSs are isolated according to period and wavelenigéw, dynamics becomiee
fromtheAnoi seodo of ot her siGOtherwiseordydemporabband passcfilteretl tmei o r
seriesin the equatorial Atlantic retaibhoth TIWs and Kelvin wave@ecco, 2011; Han et al., 2008;
Jiang et al., 2009; Katz, 1997; Qiao and Weisberg, 1995, 1&88)co (Decco, 2011)obsrved
interactiors with Kelvin waves when IWs were only filtered in the temporal band frequenagich
significantly alteredhe amplitudes of IWs. Thereforet h e A p ur e oTIVdsyemaman alrsosto f
undescribe@nd greatly important subject to be investigated.

TIWs are classically defined agasonal westward oscillat®that appeaas a result of intense
zonal currents shear atite coldwater intrusion aequatorial latitudes, commonly observed from May
to SeptemberThe spatial distribution ahe maximum variation for each analyzed variable @Wissinct
as a function of TIWdynamics.In general, the main variation wavithin the latitudes of 5°8nd 5°N
and from 40°W to arpproximately0°W, which corroboratepreviousstudies(Athie and Marin, 2008;
von Schuckmann et al., 2008)he temporal variation of anomalies was analyzedgusidexes of
average amplitude shown inside the boxes kgure 1b.The spectral charactstics of the spatial
average of TIWanomalieghrough the analysis of indexes showed importaniability patterns

An interesting series of evidence stsaat TIWshave frequencthe cycle of ~360 daysnode
of occurrence, which may be responsible for the almost steady condibises/edor the waves in the
present studyThe seasonal pattern of TIW KE calculated with the filtered time series of the SODA
reanalysis suggests that the waves signal are present the entire year, with low variance. Simila
characteristis wereobserved for the seasonality of the three types of energy conversions. The energy
transfers occurs mainlyetween 8Sand 4°N(see Sectio 3.3 for details)and the most energetic type is
the horizontal barotropignstability. Baroclinic instability is the main responsible for the energy flow
back from TIWs to the equatorial circulation, from the Equator to 4k new result corroborates
Phi | a fPhilarmddr,s1976, 1978)escription of tropical instabilities naturally occurring at the
Equator by the beta effect: eastward zonal fluxes tend to be naturally stable, and westward fluxes ten
to be unstale because of the Coriolis effect. The spectral analysis for the indexes boxes showed that
although the strongest peak etannual cycle (~360 daygeriodicities of ~180 and ~120 days are
also important. Howevethe coupling of these modes and howytleecur within a year were not
investigatedThe results showm this paper suggest that further investigation is needed to understand

how TIWs contribute to the equatorial dynamics of the Atlantic Ocean.

14



500

505

510

515

520

525

530

535

540

references

An Soonll: Interannuablvariations of the tropical ocean instability wave and ENSO, J. Clim., 21(15)i 3686,
doi:10.1175/2008JCLI1701.1, 2008.

Athie, G. and Marin, F.: Crossquatorial structure and temporal modulation of intraseasonal variability at the surface of the
Tropical Atlantic Ocean, J. Geophys. Res., 113(C8), C08020, do0i:10.1029/2007JC004332, 2008.

Baturin, N. G. and Niiler, P. P.: Effects of instability waves in the mixed layer of the equatorial Pacific, J. Geophys. Res.
102793(15), 77127, doi:10.1029/97JC02455997.

Bunge, L., Provost, C. and Kartavtseff, A.: Variability in horizontal current velocities in the central and eastern equatoria
Atlantic in 2002, J. Geophys. Res., 112(C2), C02014, doi:10.1029/2006JC003704, 2007.

Caltabiano, A. C. V, Robinson, |. 8nd Pezzi, L. P.: Multyear satellite observations of instability waves in the Tropical
Atlantic Ocean, Ocean Sci., 1,19712 [online] Available from: www.oceascience.net/os/1/97/ (Accessed 8 November
2016), 2005.

Carton, J. A. and Giese, B. S.: A Relgsis of Ocean Climate Using Simple Ocean Data Assimilation (SODA), Mon.
Weather Rev., 136(8), 29683017, doi:10.1175/2007MWR1978.1, 2008.

Challenor, P. G., Cipollini, P., Cromwell, D., Challenor, P. G., Cipollini, P. and Cromwell, D.: Use of the 3D Radon
Transform to Examine the Properties of Oceanic Rossby Waves, J. Aoean.Technol., 18(9), 1558566,
doi:10.1175/1520426(2001)018<1558:UOTRTT>2.0.CO;2, 2001.

Chelton, D. B., Wentz, F. J., Genremann, C. L., De Szoeke, R. A. and Schlax, M. GteQdtetbhwave SST Observations
of Transequatorial Tropical Instability Waves, Geophys. Res. Lett., 27(1)i 1288, doi:10.1029/1999GL011047, 2000.

Cox, M. D.: Generation and Propagation of[38y Waves in a Numerical Model of the Pacific, J. P®s=anog, 10(8),
1168 1186, doi:10.1175/1520485(1980)010<1168:GAPODW>2.0.CO;2, 1980.

Czeschel, R., Stramma, L., Schwarzkopf, F. U., Giese, B. S., Funk, A. and Karstensen, J.: Middepth circulation of the
eastern tropical South Pacific and its link to the oxyg@mmum zone, J. Geophys. Res., 116,
doi:C0101%r10.1029/2010jc006565, 2011.

Davey, M. K., Huddleston, M., Sperber, K. R., Braconnot, P., Bryan, F., Chen, D., Colman, R. A., Cooper, C., Cubasch, U.,
Delecluse, P., Dewitt, D., Fairhead, L., Flato, G., G@ordC., Hogan, T., Ji, M., Kimoto, M., Kitoh, A., Knutson, T. R.,

Latif, M., Le Treut, H., Li, T., Manabe, S., Mechoso, C. R., Meehl, G. A., Power, S. B., Roeckner, E., Terray, L., Vintzileos
A., Voss, R., Wang, B., Washington, W. M., Yoshikawa, |., Y&¥.J Yukimoto, S. and Zebiak, S. E.: STOIC: a study of
coupled model climatology and variability in tropical ocean regions, , doi:10.1007/s003&2.886, 2000.

Deans, S. R.: The Radon Transform and some of its applications, John Wiley&Sons, New988k.,

Dec,tlar.deOndas de I nstabilidadeumaopbornttagemOsienanbi aal ©ni |
mo d e | a g e mUnivergidade iFederal do Rio de Janeiro., 2011.

Dewitte, B., Purca, S., lllig, S., Renault, L. and Giese, B. Su-frequency modulation of intraseasonal equatorial Kelvin
wave activity in the Pacific from SODA: 195801, J. Clim., 21(22), 6066069, doi:10.1175/2008JCLI2277.1, 2008.

Du, Y. and Qu, T.: Three inflow pathways of the Indonesian throughflow as seethff@imple ocean data assimilation,
Dyn. Atmos. Ocean., 50(2), 28356, doi:10.1016/j.dynatmoce.2010.04.001, 2010.

Duing, W.: Review of the Equatorial Oceanographic Experiment, Bull.Meteorol.Soc., 55(5), 398404,
doi:10.1175/152@477(1974)055<0398 BTEOE>2.0.CO;2, 1974.

Duing, W., Hisard, P., Katz, E., Meincke, J., Miller, L., Moroshkin, K. V., Philander, G., Ribnikov, A. A., Voigt, K. and
Weisberg, R.: Meanders and long waves in the equatorial Atlantic, Nature, 257(552284810i:10.1038/257220,
1975.

Farrar, J. T.: Barotropic Rossby Waves Radiating from Tropical Instability Waves in the Pacific Ocean,Qc@4ysgr.,
41(6), 11601181, doi:10.1175/2011JP04547.1, 2011.

Fofonoff, N. P. and Millard, R. C.: Algorithms for computation of funeamal properties of seawater, UNESCO Tech. Pap.

15



545

550

555

560

565

570

575

580

585

Mar. Sci., 44, 53, d0i:10.1111/j.136%186.2005.001000.x, 1983.

Grodsky, S. A., Carton, J. A., Provost, C., Servain, J., Lorenzzetti, J. A. and McPhaden, M. J.: Tropical instability waves a
0°N, 23°W in theAtlantic: A case study using Pilot Research Moored Array in the Tropical Atlantic (PIRATA) mooring
data, J. Geophys. Res., 110(C8), C08010, doi:10.1029/2005JC002941, 2005.

Guiavarch, C., Treguier, AM. and Vangriesheim, A.: Deep currents in the Gulf ofrf@a: along slope propagation of
intraseasonal waves, Ocean Sci., 5(2),/153, 2009.

Ham, Y-G. and Kang, }S.: Improvement of seasonal forecasts with inclusion of tropical instability waves on initial
conditions, Clim. Dyn., 36(®), 1277 1290, doi:101007/s00382010-07430, 2011.

Han, W., Webster, P. J., Lin/l1,, Liu, W. T., Fu, R., Yuan, D., Hu, A., Han, W., Webster, P. J., Lk, JLiu, W. T., Fu,
R., Yuan, D. and Hu, A.: Dynamics of Intraseasonal Sea Level and Thermocline Variability irueteriad Atlantic during
2002 03, J. PhysOceanogr., 38(5), 945967, doi:10.1175/2008JP03854.1, 2008.

Hinze, J. O.: Turbulence, McGraMill., 1975.

Im, S-H., An, S. ll, Lengaigne, M. and Noh, Y.: Seasonality of tropical instability waves and its feadlibekseasonal
cycle in the tropical eastern Pacific., ScientificWorldJournal., 2012, 612048, doi:10.1100/2012/612048, 2012.

Imada, Y., Tatebe, H., Komuro, Y. and Kimoto, M.: Mtltecadal Modulation of Tropical Pacific Instability Wave Activity
since tle Middle of the Twentieth Century, SOLA, 9(0), 1085, doi:10.2151/sola.201R3, 2013.

Jiang, C. L., Thompson, L. A, Kelly, K. A., Cronin, M. F., Jiang, C. L., Thompson, L. A, Kelly, K. A. and Cronin, M. F.:
The Roles of Intraseasonal Kelvin Waves andpical Instability Waves in SST Variability along the Equatorial Pacific in
an Isopycnal Ocean Model, J. Clim., 22(12), 343487, doi:10.1175/2009JCLI2767.1, 2009.

Jochum, M. and Malanotteizzoli, P.: A New Theory for the Generation of the Equatonigdssirface Countercurrents, J.
Phys.Oceanogr., 34(4), 75571, doi:10.1175/1520485(2004)034<0755:ANTFTG>2.0.CO;2, 2004.

Jochum, M., Murtugudde, R., Malanctzzoli, P. and Busalacchi, A.: Internal variability of the Tropical Atlantic Ocean.
In: Oceanatmosphere interaction and climate variability, in OeAtmosphere Interaction and Climate Variability, pp.
181 188., 2004a.

Jochum, M., Malanott®izzoli, P. and Busalacchi, A.: Tropical instability waves in the Atlantic Ocean, Ocean Model., 7(1),
145163, doi:10.1016/S1468003(03)00048, 2004b.

Johnson, D. E. Al: World Ocean Database 2005, Administrator, 164, doi:Available from
http://www.nodc.noaa.gov/OC5/indprod.html, 2006.

Katz, E. J.: Waves along the Equator in the Atlantic*, 1997.

LackmannG. M., Keyser, D., Bosart, L. F., Lackmann, G. M., Keyser, D. and Bosatrt, L. F.: Energetics of an Intensifying
Jet Streak during the Experiment on Rapidly Intensifying Cyclones over the Atlantic (ERICA)Wéather Rev., 127(12),
2777 2795, doi:10.1175820-0493(1999)127<2777:EOAIJS>2.0.CO;2, 1999.

Lee, T., Lagerloef, G., Gierach, M. M., Kao, H. Y., Yueh, S. and Dohan, K.: Aquarius reveals salinity structure of tropical
instability waves, Geophys. Res. Lett., 39(12), doi:10.1029/2012GL052232, 2012.

Legecks, R. and Reverdin, G.: Long waves in the equatorial Atlantic Ocean during 1983, J. Geophys. Res., 92(C3), 2835,
doi:10.1029/JC092iC03p02835, 1987.

Lyman, J. M., Johnson, G. C., Kessler, W. S., Lyman, J. M., Johnson, G. C. and Kessler, W. S.: Digtm¢tB8BDay
Tropical Instability Waves in Subsurface Observations*, J. Rbgsanogr., 37(4), 85872, doi:10.1175/JP03023.1, 2007.

Masina, S., Philander, S. G. H. and Bush, A. B. G.: An analysis of tropical instability waves in a numerical model of the
Pacific Ocean: 2Generation and energetics of the waves, J. Geopags, 104(C12), 29637, do0i:10.1029/1999JC900226,
1999.

Millero, F. J., Chen, CGT., Bradshaw, A. L. and Schleicher, K.: A New High Pressure Equation of State for Seawater, Deep
Sea ResPart A. OceanogrRes. Pap., 27(3), 255 264, doi:10.1016/0198149(80)900163, 1980.

Monin, A. S., Yaglom, A. M. and Lumley, J. L.: Statistical Fluid Mechaniesl 1: Mechanics of Turbulence: A. S. Monin,

16



590

595

600

605

610

615

620

625

630

A. M. Yaglom, John L. Lumley: 9780262130622: Aroa.com: Books, The MIT Press. [online] Available from:
https://www.amazon.com/StatistieBluid-Mechanicsvol-Turbulence/dp/0262130629, 1971.

Orlanski, I. and Katzfey, J.: The life cycle of a cyclone wave in the Southern Hemisphere. Part |: eddy efggigyl bu
Atmos. Sci., 48(17), 1972998, doi:10.1175/1520469(1991)048<1972:TLCOAC>2.0.CO;2, 1991.

Perez, R. C., Lumpkin, R., Johns, W. E., Foltz, G. R. and Hormann, V.: Interannual variations of Atlantic tropicalynstabilit
waves, J. Geophys. Res., 114tuary), 113, doi:10.1029/2011JC007584, 2012.

Pezzi, L. P. and Richards, K. J.: Effects of lateral mixing on the mean state and eddy activity of an equatorial ocean, J.
Geophys. Res., 108(C12), 3371, doi:10.1029/2003JC001834, 2003.

Pezzi, L. P., Caltabrm, A. C. V and Challenor, P.: Satellite observations of the Pacific tropical instability wave
characteristics and their interannual variability, Int. J. Remote Sens., 27(8),15981d0i:10.1080/01431160500380588,
2006.

Philander, S. G. H.: equatoriahdercurrent: Measurements and theories, Rev. Geophys., 11(3), 513,
doi:10.1029/RG011i003p00513, 1973.

Philander, S. G. H.: Instabilities of zonal equatorial currents, J. Geophys. Res., 81(20373B25
doi:10.1029/JC081i021p03725, 1976.

Philander, S. GH.: The effects of coastal geometry on equatorial waves (Forced waves in the Gulf of Guinea), J. Mar. Res.,
35(3), 509523, 1977.

Philander, S. G. H.: Instabilities of zonal equatorial currents, 2, J. Geophys. Res., 83(C7), 3679,
doi:10.1029/JC083iC07p03871978.

Philander, S. G. H., Hurlin, W. J. and Pacanowski, R. C.: Properties of long equatorial waves in models of the seasonal cycle
in the tropical Atlantic and Pacific Oceans, J. Geophys. Res., 91(C12), 14207, doi:10.1029/JC091iC12p14207, 1986.

Polito,P. S. and Sato, O. T.: Patterns of sea surface height and heat storage associated to intraseasonal Rossby waves in th
tropics, J. Geophys. Res, 108(337310), doi:10.1029/2002JC001684, 1029.

Proehl, J. A.: The role of meridional flow asymmetry in the dyicaraf tropical instability, J. Geophys. Res. Ocean.,
103(C11), 2459724618, doi:10.1029/98JC02372, 1998.

Qiao, L. and Weisberg, R. H.: Tropical instability wave kinematics: Observations from the Tropical Instability Wave
Experiment, J. Geophys. Res., 108{, 8677, doi:10.1029/95JC00305, 1995.

Qiao, L. and Weisberg, R. H.: Tropical Instability Wave Energetics: Observations from the Tropical Instability Wave
Experiment, J. Phy©ceanogr., 28(2), 34360, doi:10.1175/1520485(1998)028<0345:TIWEOF>2.0.CO1998.

Reynolds, O.: On the Dynamical Theory of Incompressible Viscous Fluids and the Determination of the Criterion, Philos.
Trans. R. SocA Math. Phys. Eng. Sci., 186(0), 1234, doi:10.1098/rsta.1895.0004, 1895.

Schoenefeldt, R. and Schott, F. A.: Rdal variability of the Indian Ocean cresguatorial exchange in SODA, Geophys.
Res. Lett., 33(8), d0i:10.1029/2006GL025891, 2006.

von Schuckmann, K., Brandt, P. and Eden, C.. Generation of tropical instability waves in the Atlantic Ocean, J. Geophys.
Res, 113(C8), C08034, doi:10.1029/2007JC004712, 2008.

Seo, H., Jochum, M., Murtugudde, R. and Miller, A. J.: Effect of ocean mesoscale variability on the mean state of tropical
Atlantic climate, Geophys. Res. Lett., 33(9), L09606, doi:10.1029/2005GL025688., 2

Seo, H., Jochum, M., Murtugudde, Rliller, A. J. and Roads, J. @-eedback of Tropical Instability Waieduced
atmospleric variability onto the ocead, Climate, 20¢0i:10.1175/2007JCLI1700.1, 2007.

Soornll, A.: Interannuakhanges in the variability of tropical Pacific instability waves, A3#ifc J. AtmosSci., 44(3),
249 258, 2008.

Steger, J. M. and Carton, J. A.: Long waves and eddies in the tropical Atlantic Ocedri:90884. Geophys. Res., 96(C8),
15161, doi:10.029/91JC01316, 1991.

17



635

640

645

650

655

660

665

Stramma, L. and Schott, F.: The mean flow field of the tropical Atlantic Ocean, Deep S€amR#sTop.Stud. Oceanogr.,
46(1), 279303, d0i:10.1016/S0960645(98)0010%K, 1999.

Weisberg, R. H.: Equatorial waves during GATE andrtredation to the mean zonal circulation, Deep. Res., 26(SUppl.
179198, 1979.

Weisberg, R. H.: Instability waves observed on the Equator in the Atlantic Ocean during 1983, Geophys. Res. Lett., 11(8),
753 756, doi:10.1029/GL011i008p00753, 1984.

Weisbeg, R. H.: Equatorial Atlantic Velocity and Temperature Observations: Feliidavgmber 1981, J. Phys.
Oceanogr., 15(5), 53343, doi:10.1175/1520485(1985)015<0533:EAVATO>2.0.CO;2, 1985.

Weisberg, R. H. and Horigan, A. M.: Lefrequency variability in t Equatorial Atlantic, J. Phy&ceanogr., 11(7), 913
920, d0i:10.1175/1520485(1981)011<0913:LFVITE>2.0.CO;2, 1981.

Weisberg, R. H. and Weingartner, T. J.: Instability Waves in the Equatorial Atlantic Ocean, D&darsogr., 18(11),
1641 1657, doi:101175/15260485(1988)018<1641:IWITEA>2.0.CO;2, 1988.

Weisberg, R. H., Horigan, A. and Colins, C.: Equatorially trapped Regswty wave propagation in the Gulf of Guinea
Equatoridly trapped Wosshyravity wave propagation in the Gulf of Guinea, , 376I),86, 1979.

ACKNOWLEDGMENTS

We thank Professor Jasi&€arton and his team for their diligemtlp with the SODA 5day

mean results.
APPENDIX
DERIVATION OF EDDY KINETIC ENERGY EQUATION

In this section the derivation of EKE equation is described under the approach adopted in the
present studyAs showed inequation (1)the perturbation field was de&d to be the filtered TIW
signal and the basic state, the difference between the tulaperturbation fieldgthese fields are
illustrated on Figure 4)Thisimpliesthe consideratiothat the classically defined (time or space) mean
state is now a transient variab@rlanski and KatzfeyOrlanski and Katzfey, 199applied a transient
basi c ( oas Orfamslk amil &atzfeyfOrlanski and Katzfey, 1991Falled) state to study the
energy transference between a synoptic fields and a cyclone. This was done by including a forcing
term, responsible for the transience, on the EKE equation, with no interference terntise of
instability processesHere referencés madeto the EKE equatiorirom the study ofMasina et al.
(Masina et al., 1999%)ho consideredhe classical assumption averaging the momentum equations
applying it to TIWSs in the Pacific.

Reynolds(Reynolds, 1895)efined for the first time, the turbulence of a flow. His complete
deduction was made based observational experiment about the flow on a tube and then he was able
to define all the assumptions necessary for his mathematical description and deductianorbiitéet
kinetic energyequationwithin that closed systenWith his conceptsincorporated in fluid mechanics
the turbulence is considered to be a measure of the instabilitywed, beingdefined as a statistical
guantity (Monin et al., 1971)It should never be intended to define exactly the dynamical field of
determined tubulent scale, according to this definition. Instead, one can describe the patterrege$soci

to that scale ofome band in the spectral resporidee reader is referred donin and YaglonMonin
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et al., 1971)and Hinze(Hinze, 1975)for more details as classical texts in this subjébts approach
was adopted in this study, in which TIWs patterns are briefly descadbadspectral signature of-68
days of period and-20 longitude degrees of wavelengththe equatorial circulatiorip revisit energ
exchanges between related to BWh the following, the derivation of EKE equation is described
showing the considerations and scale analysis made in order to obtain a similar EKE egfuation
Orlanski and KatzfeyOrlanski and Katzfey, 199Bnd Masina et a{Masina et al., 1999)

The process involved on the deriwati of a turbulent kinetic energy equation from the
momentum equations is through Reynolds averaitigze, 1975; Monin et al., 1971)he segence
of the following steps ishowed belowi) definition of momentum equations; ii) flubasic state and
perturbationdecomposition; iii)Reynolds averaging; iv) Reynolgestulatesand scale analysis for the
current approdg iv) obtaining the momentum equation for the perturbation and v) obtadfitige
EKE equation.

The total kinetic energ¥ is defined as follows:

1
K=r EV (2), wherev is the three

dimensional velocity fieldv =u+v+w, and r is the density of the fluid.

Applying flux decomposition (1) in Eq. (2):
K=r %(vb +v') = r%(vb2 + 2vbv'+v'2) 3),

where the first term on the righandside of Eq. (4) is the kinetic energy of the basic stiétg the
second is the firsbrder correlation ternfOrlanski and Katzfey, 1991(K;), and the last term is the
kinetic energy of perturbatiafiKe); in this case, it is assumed to be the TIWs.

The horizontal (Equations 4 and and vertial (Equation 6)momentum equations in the

Cartesian coordinateander hydrostatic approximaticere written as follows:

2
g—t- 2Wsin/ v + 2Wcos/ w = - __+A“£:x + Y uo ” - (4),
Dv . 1 up au’v  pAvo uv
— +2Wsinju=- —+ A @B +—Q+A 5),
Dt / ry Wy AH&%XZ 2§ AZUZZ ©
@ Og (6)1
Uz

whereu, v andw are the total quantities of the zonal, meridional and vertical velocity components,

JTR O T 1}
Xy ez

parameterp is the total field of pressure;, is the reference densityy, and A, are the horizontal and

respectively; a: is the material derivative;2Wsin/ is the Coriolis

vertical eddy viscosities, respectively; ani the acceleration due to gravity (9.81m/s?).

Applying the flux decompason of Eq. (1) in Equations (4,&nd §, we obtain the following:
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Dlu, +u) 2Wsiny (v, +V')+2Weog/ (w, +w)=

Dt
1 ppb+p au’( (U, +u)ad. . 13y, +u) .
A wéé‘ e Wz gt ™.

w +2Wsinj (u, +u’) =
C 1 p(p+p), AP rv) WIS, K tY) g
Sy AR e A @
B P) ~ (4 r1)g (9).

Wz

In the next stepthe temporal meais applied to equations (7, 8 any(for thesake of brevity,

the derivation is subsequently only shown for the zonal velocity component):

H, |,
it

%-‘-Vb&'-'-\/'% +V,H_U'§
My Ky My My =

+

= [E
Op@mo

b&"-ubuu +u'%+u'&§+
X U X o WX X2
M’
Kz

VO@QJO

+wHb +W.HU 8 2Wsinj (v, +V) - 2Wcos/ |w ( +vv')

Uz

a MU,
+ay oW
ST

|-

~N

W, 1w Aﬂaél(ub“Lu) “(“b+“) AZH(Ub+U) (10), where an
W7 bX 2 % hz*

(o]

overbar is used to indicate the time maad the time mean and the Coriolis terms have been moved to
the right hand side of the equation

The basic state defined in this stuiyplies in distinct assumptions related to thiReynolds
postuldes (Orlanski and Katzfey, 1991Also a scalar analysi®r each of the postulates listed in the
following was performedo confirm that each of that was null (or almost zemsing the results

calculated with SODA. @ly one postulate was considettedbedifferent for the present case:
fo. fo (11), where 7 is any
property studied here. When this postulate is appligd(10)becomes the following:

ub%+vb%+vvb%+u'&|+v'£+wg
T T T O T AT

1 up, &B Uy IJ- Ub 9 p Ub
= 2Wsinj v, - 2Wcos/ W, - — 2 + A 9+ AZ (12,
o T - T T

Finally, the total momentum (with flux decomposition) EdQ). minus Eq. (12provides the momentum
equation for the perturbations (TIWs), which, after neglecting any terms related to the basic state that d«

not influence TIWs, becomes the following:

2 1

aur o a Y e - WY LU YL U T U
+u —+v —+wW—@8g+ — +v =2 +ywW=
5% Ty S @ux w8 E Ty T e 8
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2 1
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"“3?‘

The EKE equation is then obtained after a scalar multiplication of 1By.bf the TIW zonal
velocity component, which yields the identical EKE equatioDdanski and KatzfeyOrlanski and
Katzfey, 1991and Masina et alMasina et al., 1999)This result shows that although a distinct flux
decomposition approach is used, it is possible to study TIWs and the basic circulation energy exchange
using the classical equation for EKEhen, considerinde as (u @6 v §,th& toal EKE equation
becomes

%{IE +ub uKe +Vb “Ke +Wb UKeg_l_%l-PKe +V-|JKe +\N-|JK
c ut L Ly w2 & Xy Wz s

@D
|-GDO

luub +Vl“'ub+
TR

+V'%+ &
1Y z -

e Hu, Q .é.qu
—re-u w —
o @ 28 VE L

o
-aDO
oen

Y- I )
oz

-O00O
+
<

lél
&
¢

e & auiu wu'g, , &ptuod & VPO Audv oo
s g rhad B g il a gl
6 ¢ oW wis =T o wiE TG

+ 2Wsin/ v'u'- 2Wcoy wu'- 2Wsen u'v

HO D
oy

The lefthand side terms in Eql4) are the local tendency and total advectiokoby the basic

+§ u' - gr'vv‘g (14).

state and TIW circulation, respectiveljhe first lineon the righthand side of Eq. (34is the energy
conversion by the Reynolds stresses, which is considered to trartkfer between the basic state and

TIWSs. The second lineepresents the divergence kf by TIWs. In the timedependent evolution, the

energy transfer involves a transition term, the 4mster correlation term of Eq. X3Orlanski and
Katzfey, 1991) This term is considered yrlanski aad Katzfey(Orlanski and Katzfey, 1998s being
another transition level of energy transference, and they considered thasents@f transitiorio be

zero relative to the time meamd are also valid her@he eddy dissipatiors represented by the third

line. In the following, the fourth hetheterms ofCoriolis influence on the eddy velocity field. The last

four terms represent the pressure work divergence done by TIWs, which are written under hydrostatic

pressure approximation, and are responsible for the spatial redistributiopn (@fore details can be

found inMasina et al(Masina et al., 1999)
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The horizontal and vedal deformation terms in Eq. (Lgrovided by the first term on the right
hand side are known as the barotropic and Kdlgimholtz energy conversions, respectively. These
terms represent the generation of TIW kinetic energy, as an interaction of Reynolds stresses with thi
basic state components. When these terms are positive, they are considered to be conversions of ba
stak kinetic energy into TIW kinetic energy as a result of horizontal and vertical flow shears,
respectively.

The baroclinic conversion is prioed by the last term in Eq. (L4This term is responsible for
the conversion of basic state available potential energy to TIW kinetic energy (if positive) through

vertical deformation work.

TABLES
Table 1. Dominant spectral characteristics of TIWs at 0.25°N
Satellite SST SODA

Year Wavelength (degrees) Period (days) Wave Speed (cm/s) Wavelength (degrees) Period (days) Wave Speed (cm/s)
2003 8 40 44 10 30 52
2004 7 24 39 8 24 34
2005 7 33 38 10 40 26
2006 7 24 42 6 28 35
2007 8 26 48 10 26 50
2008 7 33 41 8 30 34
mean 7.33 30 42 8.66 29.66 38.5

FIGURE CAPTION LIST

Figure 1: Sea surface temperature (SST) in the equatorial Atlantic Ocean (in °C). (a) Merged Tropical
Rainfall Measuring Mission Microwave Imager (TMI) and Advanced Microwave Scanning Radiometer
(AMSR-E) SSTfrom the Remote Sensing Systems projeata$ mean from August 12 to 17, 2006; (b)
SODA 2.1.6 temperature field mean in the first vertical model layer from August 12 to 17, 2006, with
divisions illustrating the index regions: Eastern (El), Western 1 \Wtéstern 2 (W2I) and Western 3
(W3I) indexes.

Figure 2: The power spectrum of temperature in itls¢ ¥ertical model layer at 06YNi 20.25°W of the
SODA 5day total (a) and basic (b) states and TIWs (c).

Figure 3: Timelongitude plots of filtered sea ace temperature (°C) at 0.25°N. (a) daily TMI; (b) 5

day mean SODA,; (c) daily TMI (color) andday mean SODA (black contour) superposition for 2003.
Figure 4. Maps of the total and basic state and TIW anomaly fields (left, middle and right panels,
respetively) from the SODA results in the first vertical model layer from August 12 to 17, 2006. (a),
(b) and (c) The temperatures in °C; (d), (e) and (f) salinity; (g), (h) and (i) zonal velocity; (j), (k) and (l)
meridional velocity; (m), (n) and (o) verticeelocity (m/s).
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Figure 5: Maps of the standard deviations of TIW anomaly fields of temperature in °C (a), salinity (b),
zonal, meridional and vertical velocity components in m/s (c, d and e, respectively) and sea surface
elevation in m (f).

Figure 6: Tine series of TIW EKE at 0.25°N/28.25°W, averaged on 5 meters depth (first vertical model
layer), extracted from the SODAdRy mean. The units are ergsfcm

Figure 7: Maps of the mean TIW EKE averaged over three month&elevar (a), AprMay-Jun (b),
JukAug-Sep (c), OclNov-Dec (d). The units are ergs/ém

Figure 8: Maps of the EKE standard deviations averaged over three montkRebMar (a), AprMay-

Jun (b), JWAug-Sep (c), OcNov-Dec (d). The units are ergs/ém

Figure 9: Energy spectra for the index time series of temperature (a), salinity (b), zonal (c) and
meridional (d) velocity components (in the first vertical model layer) and sea surface elevation (e). Blue
line is East Index, red line is West 1 Index, kléne is West 2 Index and magenta line is West 3 Index.
Figure 10: Maps of time maa(a) and standard deviatiofis) of barotropic energy conversion rates,
time-mean (c) and standard deviatio(w) of Kelvin-Helmholtz energy conversion rates and timea

(e) and standard deviatioff¥ of baroclinic energy conversion rates. The units are in W/m3,

Figure 11 Energy spectra for the index time series of barotropic (a), kéleimholtz (b) and
baroclinic (c) energy conversions. Blue line is East Index,inedis West 1 Index, black line is West 2

Index and magenta line is West 3 Index. The units are in W/m3/day.
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Figure 1: Sea surface temperature (SST) in the equatorial Atlantic Ocean (in °C). (a) Merged Tropical
Rainfall Measuring Mission Microwe Imager (TMI) and Advanced Microwave Scanning Radiometer
(AMSR-E) SST from the Remote Sensing Systems projeggysmean from August 12 to 17, 2006; (b)
SODA 2.1.6 temperature field mean in the first vertical model layer from August 12 to 17, 2006, with
divisions illustrating the index regions: Eastern (El), Western 1 (W1I), Western 2 (W2l) and Western 3
(W3I) indexes.
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Figure 2: The power spectrum of temperature in itisé ¥ertical model layer at 0.75PR0.25°W of the
805 SODA 5day total (a) and basib) states and TIWs (c).
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Figure 3: Timelongitude plots of filtered sea surface temperature (°C) at 0.25°Nai(g)TMI; (b) 5-
day mearSODA; (c)daily TMI (color) and5-day mearSODA (black contour) superposition for 2003.
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810 Figure 4: Maps of theotal and basic state and TIW anomaly fields (left, middle and right panels,
respectively) from the SODA results in the first vertical model layer from August 12 to 17, 2006. (a),
(b) and (c) The temperatures in °C; (d), (e) and (f) salinity; (g), (hjipmadnal velocity; (j), (k) and (1)
meridional velocity; (m), (n) and (o) vertical velocity (m/s).
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815 Figure 5: Maps of the standard deviations of TIW anomaly fields of temperature in °C (a), salinity (b),
zonal, meridional and vertical velocity componemtam/s (c, d and e, respectively) and sea surface

elevation in m (f).
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Figure 6: Time series of TIW EKE at 0.25°N/28.25°W, averaged on 5 meters depth (first vertical model
820 layer), extracted from the SODAdRy mean. The units are ergsfcm
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Figure 7: Maps of the mean TIW EKE averaged over three monthsEdaMar (a), AprMay-Jun (b),

JukAug-Sep (c), OclNov-Dec (d). The units are ergs/ém
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Figure 8: Maps of the EKE standard deviations averaged over three montkRsbMar (a), AprMay-
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