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ABSTRACT. The spatial and temporal variability of energy exchange in Tropical Instability Waves (TIWs) in the Atlantic
Ocean were investigated. A spectral analysis was used to filter the 5-day mean results from Simple Ocean Data Assimilation
reanalysis spanning from 1958 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 difference in these time series from the SODA total results was considered to be the basic state
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for energetics analysis. The main result was that the annual cycle (period of ~360 days) was the main source of variability of
the waves, and the semi-annual cycle (period of ~180 days) was a secondary variation, which indicated that TIWs occurred
throughout the year but with intensity that varies seasonally. Barotropic instability acts as the mechanism that feeds and
extracts energy to/from TIWs as alternate zonal bands at equatorial Atlantic. Baroclinic instability is the main mechanism
that extracts energy from TIWs to the equatorial circulation north of Equator. All TIW patterns of variability were observed
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at west of ~10ºW. The present study reveals new evidence regarding TIW variability and suggests 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) is defined as a cusp-shaped oscillation of the equatorial
30

thermal front that propagates westward. These waves are associated with the seasonal variability of the
equatorial current system, and they are observed when the cold tongue (Figure 1) is well established
(Chelton et al., 2000; Jochum et al., 2004a, Legeckis and Reverdin, 1987; Philander et al., 1986; Steger
and Carton, 1991; Weisberg and Horigan, 1981). These westward waves have wavelengths ranging
from 600 km to 2600 km and periods varying between 15 and 37 days in the Atlantic Ocean (Caltabiano

35

et al., 2005; Chelton et al., 2000b; Düing et al., 1975; Jochum et al., 2004b; Legeckis and Reverdin,
1987; Pezzi and Richards, 2003; Weisberg, 1984), and Athie and Marin (Athie and Marin, 2008)
describes a wider range (periods of 15- 50 days). The formation process is the naturally generated
instability of the equatorial zonal current system with alternating bands 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
40

air-sea dynamics and have a strong seasonal cycle, as presented by Stramma and Schott (Stramma and
Schott, 1999). The authors described the westward South Equatorial Current (SEC) as divided by three
bands composed of northern, central and southern regions (the schematic surface circulation and its
seasonality are depicted in their Figure 4 and not reproduced here). The eastward subsurface Equatorial
Undercurrent (EUC) is at the Equator; it is strongest in its western portion, weakens downstream in the
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east Atlantic and is strongly associated with wind patterns (Philander, 1973). The strongest seasonality
is observed for the eastward North Equatorial Counter Current (NECC), which is well developed during
the northern fall and has its flow reversed to westward during the northern spring (Stramma and Schott,
1999). In this environment of intense shear with a sharp temperature gradient, TIWs are developed and
maintained through barotropic and baroclinic instabilities, as will be discussed later in this section.
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Within the annual cycle of the equatorial Atlantic Ocean, TIWs constitute an adjustment feature in
response to the zonal pressure gradient variation throughout the year, which drives energy from tropical
regions to other regions of the planet (Cox, 1980; Weisberg and Horigan, 1981) . In this way, TIWs can
be considered a fundamental component of the annual cycle of the equatorial Atlantic Ocean. Although
many studies have examined energy conversions of intraseasonal and TIW-related variability (Grodsky
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et al., 2005; Jochum and Malanotte-Rizzoli, 2004; Philander, 1976, 1978; Philander et al., 1986; Proehl,
1998; von Schuckmann et al., 2008; Weisberg, 1984; Weisberg and Weingartner, 1988), there is no
consensus to date regarding where (at the surface or at depth and at what latitude and longitude) and
when (time of the year) energy exchanges are triggered or maintained in the Atlantic Ocean. Therefore,
some aspects related to TIW physics that will be considered in this study are open questions. A brief
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review is presented to highlight some key points.
The dynamics of TIWs have been studied using various methodologies since they were first
identified in the ocean during the late 1970s. TIWs were first recognized by Düing et al. (Düing et al.,
1975) in the Atlantic during the time of the Equatorial Oceanographic Experiment (Düing, 1974), and
the scientific community has since continued to investigate these waves. Düing et al. (Düing et al.,
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1975) used in situ temperature, salinity and velocity to study the meandering of zonal equatorial
currents and westward propagating waves with 2600 km of wavelength and period of 16 days. Based on
these observations, Philander (Philander, 1976) presented the first hypothesis concerning the occurrence
of TIWs, associating the natural instabilities of equatorial zonal currents with the alternate bands of
eastward and westward flows. Philander showed that according to ageostrophic dynamics, when beta
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effects become important, the divergence enhances the inertial stability of eastward currents and
destabilizes westward flows. The barotropic instability resulting from the zonal shear between the SEC
and NECC would thus be a TIW-triggering process with a rapid growth rate. Weisberg’s observationbased studies in the 1980s in the Atlantic (Weisberg, 1979, 1984, 1985; Weisberg and Horigan, 1981;
Weisberg and Weingartner, 1988) greatly contributed to the understanding of the main characteristics
2
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and seasonality of TIWs. Despite the considerable advance in TIW characterization made in those early
studies, including Reynolds’ stresses calculation, the sparse in situ data distribution did not allow for the
use of a bidirectional filter to properly isolate the spatial and temporal frequencies and period bands of
the waves. This fact most likely has contributed to the influence of other seasonal oscillations than
TIWs on the equatorial Atlantic, though the filtered signals were most likely highly TIW dominated.
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Weisberg and colleagues observed that the strongest activity associated with TIWs occurred from July
to September at the Equator and were generated by barotropic instabilities at the anticyclonic shear
(n.h.) between the SEC and NECC and within the SEC (cyclonic shear). Using numerical modeling,
Philander et al. (Philander et al., 1986) showed that the barotropic instability between the SEC and
NECC from the surface to 50 meters at 28ºW at the Equator was the main generation mechanism, thus
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corroborating Weisberg (Weisberg, 1984). Philander et al. (Philander et al., 1986) also showed that
TIWs extract potential energy from the main currents. The present study suggests that due to the distinct
methodologies applied to observed data and model results over the years, the results are ambiguous or
there is some unknown TIW variability, as Weisberg and Weingartner (Weisberg and Weingartner,
1988), Proehl (Proehl, 1998) and Grodsky et al. (Grodsky et al., 2005) have since contradicted those
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earlier studies and concluded that the anticyclonic shear of SEC/NECC was not important for TIW
generation. Conversely, these more recent studies found that cyclonic shear within the SEC just north of
Equator is the main process involved in energy conversion and the shear between the SEC and EUC is
also an energy source. More recently, the study of TIW energetics conducted by von Schuckmann et al.
(von Schuckmann et al., 2008) corroborated both hypotheses (SEC/NECC and SEC/EUC shear). Im et
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al. (Im et al., 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 was a 50-day highpass-filtered time series, and the mean state considered was the monthly mean. None of the above-cited
authors completely isolated the TIW signal from their data/model results. Appropriate filtering is a
fundamental aspect to be considered because other intraseasonal oscillations can be included in the
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analysis. There is some discussion regarding wave type at the identical spectral band of TIWs, which,
for instance, occurs in the region east of 10ºW in the Guinea Gulf area, and considerations regarding the
spatial limits of TIWs. This is an longstanding discussion see Weisberg et al. (Weisberg et al., 1979),
with some recent studies regarding the intraseasonal variability along the equatorial Atlantic and Guinea
Gulf region, e.g., (Athie and Marin, 2008; Bunge et al., 2007; Guiavarch et al., 2009). Similarly, in the
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western region, at approximately 30ºW, there is a concomitant occurrence of short Rossby waves with
spectral characteristics similar to those of TIWs, as shown by Polito and Sato (Polito and Sato, 2003).
These authors speculated that instability processes might also generate these short waves. Thus, these
papers show the difficulty in defining spatial limits for the occurrence TIWs in the Atlantic, and this
result can be attributed to the methodologies applied thus far. Additionally, distinct types of waves
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identified by filters will surely lead to distinct results, as argued by Lyman et al. (Lyman et al., 2007).
3

However, Caltabiano et al. (Caltabiano et al., 2005) successfully isolated (using spatial and temporal
filters) TIW variability on satellite SST and defined the region of highest variability as being between
1ºN and 2ºN and between 25ºW and 10ºW in the Atlantic from January 1998 to December 2001.
Broadening the conception of TIWs as an equatorial mesoscale feature and their role in the
115

oceans, these waves can be considered as a “non-linear feature modulated by the linear processes of
zonal pressure gradient adjustment,” as stated by Weisberg and Weingartner (Weisberg and
Weingartner, 1988). In comparison, Weisberg and Weingartner (Weisberg and Weingartner, 1988)
showed that the rates of energy conversion by barotropic instability relative to TIWs in the Atlantic are
similar to the levels observed for western boundary current energy exchange. Baturin and Niiler
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(Baturin and Niiler, 1997) also noted that the kinetic energy perturbation during TIW season is one of
the most intense in the world’s oceans. Previously, Cox (Cox, 1980) observed that these waves reduced
the perturbation energy accumulation in the shallower layers of the oceans, and Weisberg and Horigan
(Weisberg and Horigan, 1981) considered TIWs to have a stabilizing effect on the oceans because the
waves are responsible for redirecting energy from the upper equatorial oceans to deeper layers
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(Weisberg, 1984) and high latitudes (Farrar, 2011). Davey et al. (Davey et al., 2000) observed that a
consistent representation of the upper ocean equatorial mixing and circulation is imperative to avoid
amplified systematic errors (cold bias in SST) in coupled models of climate reproduction, since TIWs
have important role in the atmosphere(Seo et al., 2007). The role of TIWs in climate modeling was
addressed by Pezzi and Richards (Pezzi and Richards, 2003), Jochum et al. (Jochum et al., 2004a;
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Jochum and Malanotte-Rizzoli, 2004), Seo et al. (Seo et al., 2006) and Ham and Kang (Ham and Kang,
2011). In particular, Ham and Kang (Ham and Kang, 2011)obtained improved results for prognostic
simulations using coupled models incorporating the variability of Pacific TIWs. TIW have an important
role on the Marine Atmospheric Boundary Layer (MABL) modulation. Small et al (Small et al., 2008)
have made a comprehensive review of studies about the ocean–atmosphere (OA) interactions especially
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in areas of oceanic fronts such as the equatorial Pacific cold tongue (Chelton et al., 2000a; Liu et al.,
2000), and the equatorial Atlantic (Hashizume et al., 2001). The authors emphasized the studies of the
coupling mechanisms between ocean and atmosphere, analysing the coupling between the TIW and
MABL. Pezzi et al. (Pezzi et al., 2004) addressed the question whether these TIW-induced perturbations
of the wind field have a significant feedback onto the ocean circulation. While investigating this
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feedback in the tropical Pacific they suggested that the wind perturbations apparently have a negative
feedback that tends to reduce the SST and meridional velocity signatures of instability waves. This, in
turn, reduces the equatorward eddy heat flux associated with TIWs, thereby resulting in intensified
cooling of the equatorial cold tongue. Seo et al. (Seo et al., 2007) corroborated those results and added
that including ocean current in the wind stress parameterization reduces the surface stress estimate by
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15% to 20% over the region of the South Equatorial Current. This negative feedback has potential farreaching implications about the role of TIWs in climate variability.
4

Finally, TIW activity is described as having strong seasonality (Jochum et al., 2004a). The onset
of waves is generally observed in May (Jochum and Malanotte-Rizzoli, 2004) or June (Grodsky et al.,
2005) and lasts until September (Grodsky et al., 2005; Weisberg, 1984). However, TIW activity has
150

also been observed outside the range of those months during some years (Bunge et al., 2007; Perez et
al., 2012). Again, this discussion and distinct characteristics might be associated with different methods
of filtering data/model results only in time or space frequency bands or high TIW variability. Using a
bidirectional filter applied to remotely sensed sea surface temperature (SST), Caltabiano et al.
(Caltabiano et al., 2005) observed TIW seasonality from 1998 to 2001, which varied from year to year.

155

Perez et al. (Perez et al., 2012) also used satellite data with temporal and zonal band-pass filter to study
TIW variability in the Atlantic and found peak TIW variance during summer months. The main
conclusion of these studies introduces a paradigm: why would TIWs only occur during some months if
their role is to drive excess of energy from the equatorial region?
In the present study, we aimed to study the TIW variability in the Atlantic Ocean and revisit the
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discussion of TIW generation and propagation processes. Energetic analysis was applied to the 5-day
mean results of Simple Ocean Data Assimilation (SODA) Reanalysis (Carton and Giese, 2008) version
2.1.6, for the period of 1958 to 2008. The use of a reanalysis as a long time series lead to a more
consistent representation of seasonal time scales due to the repetition of dynamic cycles. This study
applied a twofold approach: a bidirectional (period and wavelength) band pass filter was used to extract
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the TIW signal, and this field was considered as the perturbation, and a transient (time-dependent) basic
state was defined, both for energetics. It will be shown that this methodology maintains TIW signal in a
manner similar to that reported by Pezzi and Richards (Pezzi and Richards, 2003), Caltabiano et al.
(Caltabiano et al., 2005) and Pezzi et al. (Pezzi et al., 2006). Consistent advancements regarding TIW
physics and dynamics will be achieved with the employment of this methodology.
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Details regarding SODA simulation data processing and filtering are provided in the
Methodology section. In Section 3, the filtered data are described and 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.
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2
2.1

METHODOLOGY
SODA and TMI data

SODA is a multi-institutional 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 2.1.6 used in this study, long-term climatic ocean simulations have
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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 Bryan-Cox-Semtner (from Geophysical Fluid Dynamics Laboratory, Princeton University)5

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 was included
185

(Smith et al. 1992). POP for SODA simulations has global coverage with a spatial resolution of 0.25º x
0.4º and 40 vertical levels with 10 meter spacing of the surface levels (Carton and Giese, 2008). The
model was initialized with hydrographic information from the World Ocean Database 2005 (Johnson,
2006) developed and distributed by NOAA’s National Oceanographic Data Center (NODC). A 1/30º
ocean topography was used to generate the bottom boundary condition (Carton and Giese, 2008). A
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non-local K-profile parameterization (KPP scheme) was adopted for vertical mixing and a biharmonical
mixture for horizontal mixing (Carton and Giese, 2008). Atmospheric data from the ECMWF
(European Centre for Medium-Range Weather Forecast) ERA-40 reanalysis were used for the surface
fluxes, covering the period 1958 to 2001. From 2002 to 2008, the database was changed to ERA-Interim
(Czeschel et al., 2011). The SODA dataset was obtained for the period 1958 to 2008 as a 5-day average
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with a horizontal resolution of 0.5º at http://soda.tamu.edu/assim/SODA_2.1.6/5DAY.
SODA data have been used to investigate TIWs by Soon-II (An Soon-II, 2008; Soon-II, 2008) in
the Pacific Ocean. An ocean reanalysis product such as SODA is useful for studying the processes and
interannual variability considering its reasonable long time span (Dewitte et al., 2008; Du and Qu, 2010;
Schoenefeldt and Schott, 2006). Nonetheless, a comparison between the filtered SODA surface
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temperature and satellite sea surface temperature (SST) was performed to verify the representation of
main TIW pattern by SODA and is presented in the next section. The SST dataset used was a merged
product derived from measurements of the Tropical Rainfall Measuring Mission Microwave Imager
(TMI) and the Advanced Microwave Scanning Radiometer (AMSR-E). TMI and AMSR-E data are
produced by Remote Sensing Systems and sponsored by the NASA Earth Science MEaSUREs

205

DISCOVER Project and the AMSR-E Science Team. The data are available at www.remss.com. The
SST data have a spatial resolution of ¼º, and for the present study, the time series was 6 years, from
2003 to 2008, and was obtained as daily fields. The daily SST product was used for comparison with
the 5-day 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.
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2.2

Data pre-processing and filtering

SODA fields of temperature, salinity, SSH, zonal and meridional velocity components for the
tropical Atlantic region (from 20ºN to 20ºS and 40ºW to 15ºE with 40 vertical levels) for the entire
period (1958-2008) were treated to remove spurious data (there were some not-a-number (NaN) data
along the SODA 2.1.6 5-day mean database). Additionally, a vertical velocity component was
215

calculated using the continuity equation, and the density fields were calculated using a MatLab seawater
script for density using the non-linear equation of state (Fofonoff and Millard, 1983; Millero et al.,
1980). The data were organized as longitude x time matrices to perform the filtering. To filter the data
in both dimensions (spatial and temporal), a Fourier 2D directional filter was designed using a two6

dimensional fast Fourier transform (2DFFT). A band pass filter was applied to the data matrices to
220

retain periods from 15 to 60 days and wavelengths from 4º to 20º of longitude, which was a slightly
wider range than Caltabiano et al. (Caltabiano et al., 2005) considered. Here, these filtered data will be
called TIW data.
For dominant wavelength and period estimation, a spectral analysis using the fast Fourier
transform was applied to the TIW data. To calculate wave speed, the Radon Transform technique

225

(Challenor et al., 2001; Deans, 1983)was also applied because it has been successfully used by
Caltabiano et al. (Caltabiano et al., 2005), Pezzi et al. (Caltabiano et al., 2005) and Athié and Marin
(Athie and Marin, 2008) to study TIWs and intraseasonal variability.
2.3

Energy budget

Energy transferences related to TIWs have been studied using time series decomposed into the
230

(temporal) mean state and its deviation by, e.g., Weisberg and Weingartner (Weisberg and Weingartner,
1988), Masina et al. (Masina et al., 1999), Pezzi and Richards (Pezzi and Richards, 2003), Jochum et al.
(Jochum et al., 2004b), von Schuckmann et al. (von Schuckmann et al., 2008), among others. In all
these studies, the mean state was considered to be the time-averaged fields at either monthly or yearly
time scales. However, because we have spatially and temporally filtered TIW signals from the SODA
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time series, the present study adopted a distinct definition for the flux decomposition. To analyze the
TIW energy as a perturbation, the basic state as a subtraction of SODA total fields minus TIW filtered
data was considered, according to the following formula:
t ' = T - Tb

(1),

where T is the 5-day average temperature directly extracted from SODA, Tb is the temperature for the
240

basic state and t ' is the filtered (TIW) temperature. The identical decomposition was performed for the
SODA available (salinity, zonal and meridional velocity components and SSH) and derived (density,
pressure and vertical velocity component) fields. Thus, the time evolution of energy transformations
between TIWs and the basic state was analyzed, which included all intraseasonal energy that could
interact with TIWs.

245

Orlanski and Katzfey (Orlanski and Katzfey, 1991) used transient “mean” state in energy budget
analyses to study the energetics of cyclonic waves in the atmosphere; however, the authors justified the
mean state transience by adding a forcing term related to the non-steadiness of the time mean in the
mean state of the momentum equation. Subsequently, Lackmann et al. (Lackmann et al., 1999) applied
a similar approach with an unsteady background state for the energetic analysis of atmospheric
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cyclones. Similar to both studies, the eddy kinetic energy (EKE) equation used here remains identical
with identical energy conversion terms, although we considered a transient basic state. However, for
clarification, the system of energy equations was derived to show the responsible terms for the basic
state transience.

7

Following a similar approach used by Orlanski and Katzfey (Orlanski and Katzfey, 1991), we
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derived the kinetic energy equation using the classical method (by subtracting the time mean of the
momentum equations from the total momentum equation). Similar to the approach taken by these
authors, we took into account the non-steadiness of the basic state. The full EKE derivation under such
considerations is described in the appendix.
The analysis was conducted in this study by performing a calculation of these energy conversion
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terms, and their temporal and spatial patterns are described in the following section.
3

RESULTS AND DISCUSSION

The filtering method was applied for the tropical Atlantic domain from SODA. Before the main
discussion, three spectra are shown in Figure 2 to elucidate the variability referred in the subsequent
sections. The power spectra for the total and basic states and TIW time series of temperature for a grid
265

point of 0.25ºN and 20.25ºW are presented. This location was chosen to because it is, on average, at the
central point of maximum variability observed with the standard deviation fields showed on Figure 5
(described later on). The TIW spectrum (Figure 2c) clearly shows the filtered frequency band. In the
total and basic state spectra (Figures 2a and b, respectively), the highest variability was at the annual (~
360 days) and semi-annual (~ 180 days) periods. A similar pattern was observed for spatial spectra
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(wavelength) but it is not shown.
3.1

TIWs in SODA and satellite data

The temperature at the first vertical model layer was compared with TMI/AMSR-E SST to
evaluate the reliability of temperature representation by SODA. Figure 1 has two panels showing daily
satellite SST for 16 August 2006, and a five-day average SODA for 12 to 17 August 2006. TIWs were
275

observed with distinct wavelengths for both datasets. In Figure 3, these differences are shown with the
longitude-time plots of temperature along the latitude of 0.25ºN (Figures 3a, b and c) for both (satellite
and model). An underestimation of TIW amplitude in the ocean model (Figure 3b) was observed when
compared with the satellite data (Figure 3a). TIW phase velocities were also distinct (Figure 3c) during
the strongest season of TIWs in 2003. However, TIW variability was quite well reproduced. Spectral

280

characteristics, such as the dominant periods and wavelengths, were calculated and analyzed from 2003
to 2008 and are shown in Table 1. Overall, TIWs were shorter in the satellite SST than in the SODA
reanalysis, whereas their periods were approximately identical. These differences were expected
because of the two distinct methods of SST estimation. However, TIW physics were well represented in
the SODA simulation, and thus the related processes could be studied. There is a concern in the
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literature regarding the influence of data assimilation procedures on the TIW representation (see Imada
et al. (Imada et al., 2013) for example) and whether these procedures can dampen or intensify TIWs.
However, we are not aware of any specific study regarding this influence on TIWs in the SODA.

8

3.2

TIW data and variability

In this section, only results using the filtered SODA data, which we call TIW data, are discussed.
290

The fields of temperature, salinity and the three velocity components in the first vertical model layer
(for instance, 12 to 17 August 2006) used to calculate energy conversion terms between the basic state
and TIW data are shown in Figure 4. In this illustration, the basic state and TIW data are plotted
showing the same wave train shown in Figure 1. In the basic state maps (the middle panels of Figure 4),
TIW oscillations (right panels in Figure 4) might not have been totally removed from the total fields
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(left panels in Figure 4). This fact can be attributed to the spectral range used in the filter (15- to 60-day
periods and 4º to 20º degrees of longitude for wavelength), which may not have captured the entire
spectrum of TIW characteristics in the SODA results. Nonetheless, we observe that the main TIW
pattern was successfully filtered out from the total fields. Notably, the oscillations observed in the total
temperature field (Figure 4a) east of 10ºW were not TIWs because these oscillations were also observed
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in the temperature basic state field (Figure 4b). In general, at least for this short analysis (in this case, 12
to 17 August 2006), spatially, TIWs start at approximately 10ºW, propagating to west of this position.
The region of maximum variability of TIWs is shown in Figure 5. The maps of the standard
deviations of temperature (Figure 5a), salinity (Figure 5b), the three velocity components (Figures 5c, d
and e) in the first vertical layer and sea surface elevation (Figure 5f) show that the maximum variability
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was mainly west of 10ºW to approximately 40ºW. However, certain variables exhibited distinct
patterns. The maximum temperature variability was shifted eastward between the longitudes of 35ºW
and 5ºE. This spatial distribution was similar to that observed by Athié and Marin (Athie and Marin,
2008). Additionally, the maximum temperature variability of their intraseasonal filtered SST
(approximately 0.7ºC) was higher than the maximum estimated here (approximately 0.25ºC). This result
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shows that TIW temperature anomalies were a dominant source of variability in the central equatorial
Atlantic, likely modulated the seasonal cold tongue. The salinity also showed a region of high
variability coincident with that observed for temperature but zonally shorter. However, a maximum of
salinity variability was observed around the African coast in the Southern Hemisphere (Figure 5b). This
maximum may have masked the central equatorial Atlantic maximum. Recently, Lee et al. (Lee et al.,
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2012) showed that the TIW signature in the Pacific Ocean using satellite salinity fields has
characteristics that are distinct from those examined based on satellite temperature, which suggests that
different types of waves occur, thermodynamically decoupling the TIW signatures revealed by salinity
fields and those revealed by temperature. The velocity fields (Figures 5c, d and e) exhibited two regions
of high variability. The stronger variability was concentrated within the low-latitude degrees around the
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Equator, slightly shifted to the north, and a second area was in the Southern Hemisphere between 32ºW
and 15ºW. Finally, the SSH (Figure 5f) exhibited a completely different pattern, which was most likely
associated with large-scale oceanic variability, and these features were not investigated in this study.
Athié and Marin (Athie and Marin, 2008) evaluated the standard deviations of the intraseasonal

9

variability observed in the equatorial Atlantic Ocean using 10- to 50- day filtered sea level anomaly
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(SLA) time series from AVISO. The authors observed a maximum value of 2.1 cm of variability, which
is much higher than values in Figure 5f. Due to the wider spectral band used to filter the time series, an
even wider variability was observed by von Schuckmann et al. (von Schuckmann et al., 2008), also
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.
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The study of the main ocean model variables associated with TIWs is important to describing the
waves' signatures and comparing them to those reported in previous studies. However, the kinetic
energy is also an important parameter in the study of TIW variability and is investigated here. In this
study, as described in Section 2.3, TIWs were considered to be the perturbation field for the energetics
analysis presented in the next section. Its kinetic energy is called TIW kinetic energy (TIW KE). A EKE
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calculation similar to that used by Weisberg and Weingartner (Weisberg and Weingartner, 1988) was
performed. The model grid location nearest to the point where data were collected and studied by these
authors was chosen, and the calculated TIW KE was plotted (Figure 6) to enable a comparison with
their values and description (their Figure 5). Weisberg and Weingartner (Weisberg and Weingartner,
1988) used perturbation around the 25-day average data on first 10 meters (depth). We observed some
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seasonal variability in the TIW KE (Figure 6), but it was clearly not as marked as the seasonality
observed by Weisberg and Weigartner (Weisberg and Weingartner, 1988) Instead, there is considerable
seasonal variation in strength of the TIW KE associated with phases of the absence/presence of the
waves. This pattern was evident on maps of the three-month average statistical mean (Figure 7) and
standard deviation (Figure 8) of TIW KE using the same units of Weisberg and Weingartner (Weisberg
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and Weingartner, 1988) The TIW KE observed here was three orders of magnitude higher than that
reported by Weisberg and Weingartner (Weisberg and Weingartner, 1988) based on perturbation EKE.
This difference can be attributed to distinct methodologies used (observed data versus model results and
distinct filtering methods). The standard deviation (Figure 8) revealed that the main variations in EKE
are just north and south of the Equator and between approximately 27ºW and 20ºW from September to
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February and between around 32ºW and 25ºW during the rest of year. Additionally, the TIW KE mean
found in the present study is very similar to the results found by von Schuckmann et al (von
Schuckmann et al., 2008) see their figure 1c, though the considerations regarding the different
methodologies employed still apply. Besides the comparison with previous studies, important to notice
is that the EKE was almost constant at seasonal scale (Figure 8). This is a striking result of the present
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study and the following analysis will emphasize this first evidence.
To evaluate TIW activity and spatial and temporal variability during 51 years of simulation, four
indexes were created. For this calculation, the absolute values of the filtered SODA 5-day mean time
series (TIW data) of temperature, salinity, the three velocity components and sea surface elevation were
used. Each index value was calculated as the arithmetic mean of the sum of the absolute values of TIW
10
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data, for each variable over the box each limit (Figure 1b), for each time-step (5-day average). Absolute
values were used to represent the real TIW intensity and evaluate its occurrence trough the time.
Additionally, these limits were chosen based on the standard deviation analysis performed in the
previous section. All index boxes were within the latitudes of 4.45ºS and 4.75ºN. The East Index (EI)
was from 10.25ºW to 9.75ºE, the West 1 Index (W1I) was from 20.25ºW to 10.25ºW, the West 2 Index

365

(W2I) was from 30.25ºW to 20.25ºW and the West 3 Index (W3I) was from 40.25ºW to 30.25ºW.
To identify the main temporal oscillations related to each region (index) and variable, a simple
spectral analysis was applied to the time series for each index, and the results are shown in Figure 9.
The interannual variability was not investigated here (a recent reference for this subject is the study of
Perez et al. (Perez et al., 2012). The strongest variability observed was the annual cycle for all variables,
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except for meridional velocity in the eastern region (Figure 9d), along the entire equatorial extension.
This result did not support the pattern previously observed for TIWs (Bunge et al., 2007; Grodsky et al.,
2005; Jochum et al., 2004b; Weisberg, 1984), perhaps because the annual periodicity was not
investigated by those authors. The work of Caltabiano et al. (Caltabiano et al., 2005) was the only one
in which the TIW signal was apparently represented throughout the year for the Atlantic (it was not
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possible to confirm this finding because the color scale used in their figure make it unclear). These
authors also used a directional filter, which is a fundamental methodology for more effectively isolating
TIWs. The fact that the annual cycle was the strongest indicates that TIW anomalies occurred
throughout the year but became visible (and most intense) in the surface temperature fields only with
the appearance of the seasonal cold tongue. We also speculate that because of the absence of the annual
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cycle peak in the meridional velocity time series spectrum for the EI and because the EI is always the
weakest index in the spectral analysis (Figure 9), the annual cycles of temperature, salinity, SSH and
zonal velocity at this equatorial area was most likely related to other phenomena than TIWs, as
discussed by Weisberg et al. (Weisberg et al., 1979) and Philander (Philander, 1977). There is no
consensus regarding whether the intraseasonal variability in the Gulf of Guinea is a result of TIWs
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(Athie and Marin, 2008; Bunge et al., 2007; Guiavarch et al., 2009), and further studies regarding its
dynamics will help to elucidate this hypothesis.
A semi-annual cycle (180 days) was identified for all the western indexes for all variables
(Figure 9), and this spectral peak was never stronger than the annual peak. Based on previous studies
using intraseasonally (not only TIWs) filtered time series with limited spatial extensions and shorter
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time spans from observed data or model results, the expected TIW seasonality was the 4- to 5-month
variability. The longer time series used showed that this was a secondary variation. This 180-day
variability was also a new result. The characteristics of TIWs have not previously been studied using
ocean reanalysis model results with all variables. The present analysis revealed and reinforced the
intense seasonality of TIWs, but this was not the dominant form of variability.

11
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The weakest TIW oscillation observed in the index spectra (Figure 9) was approximately 120
days. This periodicity was observed for temperature (Figure 9a) and zonal velocity (Figure 9c) in the
middle equatorial region (for W2I and W1I indexes). For the meridional velocity, this peak occurred in
the W3I and W2I index regions. Because of this scarcity, the 120-day variability observed in the series
was not associated with TIW dynamics.
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For these five spectra, the TIW variability was always more intense in the middle equatorial area
between 30ºW and 10ºW. This result corroborates those reported by Weisberg and Weingartner
(Weisberg and Weingartner, 1988), Jochum et al. (Jochum et al., 2004b), Caltabiano et al. (Caltabiano
et al., 2005) and Athié and Marin (Athie and Marin, 2008)for the Atlantic Ocean. In fact, the analysis
showed that TIW anomalies were also observed throughout the year and with interannual variations.
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3.3

TIW energy exchange

In this section, the energy exchanges of TIWs are discussed. The results shown for the
barotropic
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whole reanalysis time spam. The reader is referred to the appendix for the kinetic energy equation. The
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maps of the means (left panels) and standard deviations (right panels) of the three forms of energy
conversion are plotted in Figure 10. The upper maps represent the barotropic (Figures 10a and b), the
middle panels represent the Kelvin-Helmholtz (Figures 10c and d), and the bottom maps represent the
baroclinic (Figures 10e and f) energy conversion terms of Eq. (15). In general, all energy conversions
occurred between ~ 7ºS and 5ºN. The barotropic energy exchanges related to the horizontal shear
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(Figures 10a) played the major role. Barotropic energy conversion trough horizontal shear was
important for the generation and propagation of TIWs (associated with positive conversion terms
values, i.e. TIWs extracting energy from basic state) south of the Equator for the entire equatorial
extension (Figure 10a). South of the Equator, the negative values characterized the energy transference
from TIWs to the basic circulation. This could be related to some instability of SEC south (Jochum and
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Malanotte-Rizzoli, 2004), but it would be an analysis covering more aspects of the dynamics of the
equatorial circulation and this is not main scope of this study. For the vertical shear (Kelvin-Helmholtz
conversion, Figure 10c), the mean pattern was the gain of energy by the waves from the basic state
along the entire equatorial extension. There was also a second zonal extension of positive values for
Kelvin-Helmholtz between 5ºS and 2ºS from 35ºW to 10ºW. For both barotropic energy conversions,
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the high values of standard deviations (Figure 10b and d) characterized the mean values as a nonsignificant pattern for the Equator. Also, these results suggested that the end of the trajectory of TIWs in
the Atlantic Ocean was between 40ºW and 35ºW. Finally, for the baroclinic energy conversions (Figure
10e), there was a pattern of TIWs driving energy to the basic state just north of the Equator, with the
12

opposite result occurring south of the Equator. However, main region of mean negative values north of
430

the Equator was associated with a high standard deviation (Figure 10f), which was related to a high
variability in this area. A similar meridional distribution of the mean baroclinic conversions was
observed by von Schukmann et al. (von Schuckmann et al., 2008). We conclude that west of 10ºW and
north of the Equator, the main generating mechanism for TIWs was barotropic conversion due to
horizontal and vertical flow shears and that TIWs drive energy back to the equatorial circulation trough
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baroclinic conversion. South of the Equator, a less intense TIW signal is generated and kept trough
baroclinic and Kelvin-Helmholtz energy conversion and the waves drive energy back to the equatorial
circulation trough horizontal shear. This 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) of horizontal shear occurring on the equatorial band and its importance to energy cascade,
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as discussed by Weisberg and Horigan (Weisberg and Horigan, 1981). The seasonality for each energy
conversion term was further explored but it is not shown because of the low variance for the three types
of energy conversion, which reinforces this hypothesis of Weisberg and Horigan (Weisberg and
Horigan, 1981). The baroclinic conversion term exhibited a zonal region from the Equator to almost
4ºN, where TIWs lose energy to the basic state flow.
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The quantities of energy conversion terms observed in this study were not comparable with any
previous study of the generation processes of TIWs probably because a directional filter was used in
this study to isolate TIWs from time series. Pezzi and Richards (Pezzi and Richards, 2003) used a
similar methodology; however, their simulation was climatological and examined the Pacific Ocean.
The authors also demonstrated that their choice to mixing schemes in model configuration strongly
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influenced the occurrence of TIWs (Pezzi and Richards, 2003); thus, differences in spatial and temporal
variability and quantities were expected. However, some considerations can be made regarding patterns
of positive and negative values, even for studies focusing on equatorial intraseasonal variations. In the
barotropic instability seasonal maps of von Schuckmann et al. (von Schuckmann et al., 2008), a
distinction between positive and negative values between the Southern and the Northern Hemispheres
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was observed (their Figure 8). The time mean barotropic conversion calculated by Masina et al. (Masina
et al., 1999) also exhibited a similar spatial distribution with respect to the Equator. The time mean of
barotropic (horizontal) energy conversion time series (Figure 10a) also presented this alternate pattern
near the Equator. This also draws attention to the importance TIWs have to the equilibrium state of
energy at the equatorial Atlantic.
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The spectral character of energy conversion is shown in Figure 11. For the three types of
instability, the annual cycle was the strongest form of variation, followed by the semi-annual cycle. This
result corroborates the earlier analysis with the index variables, thus reinforcing that TIWs occur
throughout the year with different modes of variability.

13

4

465

SUMMARY AND CONCLUSIONS

In this paper, the spatial and temporal variability of TIWs in the Atlantic Ocean was investigated
with a focus on energy conversions. The 5-day mean results of the 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 velocities, and also estimated vertical velocity) were filtered using a
directional band-pass filter that maintained oscillations at 15- to 60-day periods and wavelengths of 4-
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to 20-degrees. Then, the classical energetic analysis was applied to these filtered time series containing
TIW anomalies. A basic state was considered as being the total SODA time series subtracted from the
anomalies, and the energy conversion terms for the barotropic and baroclinic instabilities were
calculated.
Despite the reasonable caution regarding mathematical and physical approximations used in
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ocean modeling, the results presented here are useful to provide new insights into TIWs. Some previous
studies (Jochum et al., 2004b; von Schuckmann et al., 2008)have also used ocean models to study
(temporal) filtered TIW generation processes in the Atlantic Ocean. However, a directionally filtered
time series of TIWs to more concisely investigate wave generation had not been presented in the
literature. When TIWs are isolated according to period and wavelength, their dynamics become free
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from the “noise” of other intraseasonal oscillations. Otherwise, only temporal band pass filtered time
series in the equatorial Atlantic retain both TIWs and Kelvin waves (Decco, 2011; Han et al., 2008;
Jiang et al., 2009; Katz, 1997; Qiao and Weisberg, 1995, 1998). Decco (Decco, 2011) observed
interactions with Kelvin waves when TIWs were only filtered in the temporal band frequency, which
significantly altered the amplitudes of TIWs. Therefore, the “pure” dynamics of TIWs remain an almost
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undescribed and greatly important subject to be investigated.
TIWs are classically defined as seasonal westward oscillations that appear as a result of intense
zonal currents shear and the cold-water intrusion at equatorial latitudes, commonly observed from May
to September. The spatial distribution of the maximum variation for each analyzed variable was distinct
as a function of TIW dynamics. In general, the main variation was within the latitudes of 5ºS and 5ºN
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and from 40ºW to arpproximately 10ºW, which corroborated previous studies (Athie and Marin, 2008;
von Schuckmann et al., 2008). The temporal variation of anomalies was analyzed using indexes of
average amplitudes, shown inside the boxes in Figure 1b. The spectral characteristics of the spatial
average of TIW anomalies through the analysis of indexes showed important variability patterns.
An interesting series of evidence shows that TIWs have frequency the cycle of ~360 days mode
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of occurrence, which may be responsible for the almost steady conditions observed for the waves in the
present study. The 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. Similar
characteristics were observed for the seasonality of the three types of energy conversions. The energy
transfers occurs mainly between 6ºS and 4ºN (see Section 3.3 for details), and the most energetic type is

14

500

the horizontal barotropic instability. Baroclinic instability is the main responsible for the energy flow
back from TIWs to the equatorial circulation, from the Equator to 4ºN. This new result corroborates
Philander’s (Philander, 1976, 1978) description of tropical instabilities naturally occurring at the
Equator by the beta effect: eastward zonal fluxes tend to be naturally stable, and westward fluxes tend
to be unstable because of the Coriolis effect. The spectral analysis for the indexes boxes showed that
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although the strongest peak is the annual cycle (~360 days), periodicities of ~180 and ~120 days are
also important. However, the coupling of these modes and how they occur within a year were not
investigated. The results shown in this paper suggest that further investigation is needed to understand
how TIWs contribute to the equatorial dynamics of the Atlantic Ocean.
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APPENDIX
DERIVATION OF EDDY KINETIC ENERGY EQUATION
In this section the derivation of EKE equation is described under the approach adopted in the
present study. As showed in equation (1), the perturbation field was defined to be the filtered TIW
signal and the basic state, the difference between the total and perturbation fields (these fields are

705

illustrated on Figure 4). This implies the consideration that the classically defined (time or space) mean
state is now a transient variable. Orlanski and Katzfey (Orlanski and Katzfey, 1991)applied a transient
basic (or “mean”, as Orlanski and Katzfey, (Orlanski and Katzfey, 1991), called) state to study the
energy transferences 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 on the terms of
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instability processes. Here reference is made to the EKE equation from the study of Masina et al.
(Masina et al., 1999)who considered the classical assumption averaging the momentum equations
applying it to TIWs in the Pacific.
Reynolds (Reynolds, 1895) defined, for the first time, the turbulence of a flow. His complete
deduction was made based on observational experiment about the flow on a tube and then he was able
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to define all the assumptions necessary for his mathematical description and deduction of the turbulent
20

kinetic energy equation within that closed system. With his concepts incorporated in fluid mechanics
the turbulence is considered to be a measure of the instability of flows, being defined as a statistical
quantity (Monin et al., 1971). It should never be intended to define exactly the dynamical field of
determined turbulent scale, according to this definition. Instead, one can describe the patterns associated
720

to that scale of some band in the spectral response. The reader is referred to Monin and Yaglon (Monin
et al., 1971) and Hinze (Hinze, 1975) for more details as classical texts in this subject. This approach
was adopted in this study, in which TIWs patterns are briefly described as a spectral signature of 15-60
days of period and 4-20 longitude degrees of wavelength of the equatorial circulation, to revisit energy
exchanges between related to TIWs. In the following, the derivation of EKE equation is described
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showing the considerations and scale analysis made in order to obtain a similar EKE equation of
Orlanski and Katzfey (Orlanski and Katzfey, 1991) and Masina et al. (Masina et al., 1999).
The process involved on the derivation of a turbulent kinetic energy equation from the
momentum equations is through Reynolds averaging (Hinze, 1975; Monin et al., 1971). The sequence
of the following steps is showed below: i) definition of momentum equations; ii) flux (basic state and
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perturbation) decomposition; iii) Reynolds averaging; iv) Reynolds postulates and scale analysis for the
current approach; iv) obtaining the momentum equation for the perturbation and v) obtaining of the
EKE equation.
The total kinetic energy K is defined as follows:

1
K = r v2
2
735

(2), where v is the three-

dimensional velocity field, v = u + v + w , and r is the density of the fluid.
Applying flux decomposition (1) in Eq. (2):

K=r

(

1
(v b + v')2 = r 1 v b 2 + 2v b v'+ v' 2
2
2

)

(3),

where the first term on the right-hand side of Eq. (4) is the kinetic energy of the basic state (Kb), the
second is the first-order correlation term (Orlanski and Katzfey, 1991) (K1), and the last term is the
740

kinetic energy of perturbation (Ke); in this case, it is assumed to be the TIWs.
The horizontal (Equations 4 and 5) and vertical (Equation 6) momentum equations in the
Cartesian coordinates, under hydrostatic approximation, are written as follows:

745

æ ¶ 2u ¶ 2u ö
Du
1 ¶p
¶ 2u
- 2W sin jv + 2W cosjw = + AH çç 2 + 2 ÷÷ + AZ 2
Dt
r o ¶x
¶y ø
¶z
è ¶x

(4),

æ ¶ 2v ¶ 2v ö
Dv
1 ¶p
¶ 2v
+ 2W sin ju = + AH çç 2 + 2 ÷÷ + AZ 2
Dt
r o ¶y
¶y ø
¶z
è ¶x

(5),

¶p
= -r 0 g
¶z

(6),

21

where u, v and w are the total quantities of the zonal, meridional and vertical velocity components,
respectively;

D
¶
¶
¶
¶
is the material derivative; 2W sin j is the Coriolis
= +u +v +w
Dt ¶t
¶x
¶y
¶z

parameter; p is the total field of pressure; r 0 is the reference density; AH and AZ are the horizontal and
vertical eddy viscosities, respectively; and g is the acceleration due to gravity (9.81m/s²).
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Applying the flux decomposition of Eq. (1) in Equations (4, 5 and 6), we obtain the following:

D(ub + u ')
- 2W sin j (vb + v') + 2W cosj (wb + w') =
Dt
-

æ ¶ 2 (ub + u ') ¶ 2 (ub + u ') ö
¶ 2 (ub + u ')
1 ¶( pb + p')
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+
+
A
Z
2
ro
¶x
¶y 2 ÷ø
¶z 2
è ¶x

(7),

D(vb + v')
+ 2W sin j (ub + u ') =
Dt
æ ¶ 2 (vb + v') ¶ 2 (vb + v') ö
¶ 2 (vb + v')
1 ¶ ( p b + p ')
÷ + AZ
+ AH çç
+
2
÷
ro
¶y
¶y 2
¶z 2
è ¶x
ø
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¶( pb + p' )
= -( r 0 + r ' ) g
¶z

(8),

(9).

In the next step, the temporal mean is applied to equations (7, 8 and 9) (for the sake of brevity,
the derivation is subsequently only shown for the zonal velocity component):

¶ub ¶u ' æ ¶ub
¶u '
¶u
¶u ' ö æ ¶u
¶u '
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¶u ' ö
+
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+ ub
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¶x ø è ¶y
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¶y ø

(

)

æ ¶u
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¶u ' ö
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è
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-

2
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¶x 2
¶y 2
¶z 2
è
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(10),

where

an

overbar is used to indicate the time mean and the time mean and the Coriolis terms have been moved to
the right hand side of the equation.
The basic state defined in this study implies in distinct assumptions related to the Reynolds
postulates (Orlanski and Katzfey, 1991). Also a scalar analysis for each of the postulates listed in the
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following was performed to confirm that each of that was null (or almost zero) using the results
calculated with SODA. Only one postulate was considered to be different for the present case:

fb ¹ fb

(11), where f is any

property studied here. When this postulate is applied, Eq. (10) becomes the following:

ub

¶ub
¶u
¶u
¶u'
¶u'
¶u'
+ vb b + wb b + u' + v' + w'
¶x
¶y
¶z
¶x
¶y
¶z

22
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æ ¶ 2 ub ¶ 2 ub
1 ¶pb
= 2W sin j vb - 2W cos j wb + AH ç 2 +
ç ¶x
r o ¶x
¶y 2
è

2
ö
÷ + AZ ¶ ub
÷
¶z 2
ø

(12),

Finally, the total momentum (with flux decomposition) Eq. (7) minus Eq. (12) provides the momentum
equation for the perturbations (TIWs), which, after neglecting any terms related to the basic state that do
not influence TIWs, becomes the following:
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(13).

The EKE equation is then obtained after a scalar multiplication of Eq. (13) by the TIW zonal
velocity component, which yields the identical EKE equation of Orlanski and Katzfey (Orlanski and
Katzfey, 1991)and Masina et al. (Masina et al., 1999). This result shows that although a distinct flux
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decomposition approach is used, it is possible to study TIWs and the basic circulation energy exchanges
using the classical equation for EKE. Then, considering Ke as (u’u’+v’v’), the total EKE equation
becomes:
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(14).

The left-hand side terms in Eq. (14) are the local tendency and total advection of K e by the basic
790

state and TIW circulation, respectively. The first line on the right-hand side of Eq. (14) is the energy
conversion by the Reynolds stresses, which is considered to be the transfer between the basic state and
TIWs. The second line represents the divergence of K e by TIWs. In the time-dependent evolution, the
energy transfer involves a transition term, the first-order correlation term of Eq. (3) (Orlanski and
Katzfey, 1991). This term is considered by Orlanski and Katzfey (Orlanski and Katzfey, 1991) as being
23
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another transition level of energy transference, and they considered these two terms of transition to be
zero relative to the time mean and are also valid here. The eddy dissipation is represented by the third
line. In the following, the fourth line the terms of Coriolis 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 redistribution of K e (more details can be
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found in Masina et al. (Masina et al., 1999).
The horizontal and vertical deformation terms in Eq. (14) provided by the first term on the righthand side are known as the barotropic and Kelvin-Helmholtz energy conversions, respectively. These
terms represent the generation of TIW kinetic energy, as an interaction of Reynolds stresses with the
basic state components. When these terms are positive, they are considered to be conversions of basic
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state kinetic energy into TIW kinetic energy as a result of horizontal and vertical flow shears,
respectively.
The baroclinic conversion is provided by the last term in Eq. (14). This term is responsible for
the conversion of basic state available potential energy to TIW kinetic energy (if positive) through
vertical deformation work.
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TABLES
Table 1. Dominant spectral characteristics of TIWs at 0.25ºN
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
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Figure 1: Sea surface temperature (SST) in the equatorial Atlantic Ocean (in ºC). (a) Merged Tropical
Rainfall Measuring Mission Microwave Imager (TMI) and Advanced Microwave Scanning Radiometer
(AMSR-E) SST from the Remote Sensing Systems project, 5-day 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 (EI), Western 1 (W1I), Western 2 (W2I) and Western 3

820

(W3I) indexes.
Figure 2: The power spectrum of temperature in the first vertical model layer at 0.75ºN–20.25ºW of the
SODA 5-day total (a) and basic (b) states and TIWs (c).

24

Figure 3: Time-longitude plots of filtered sea surface temperature (ºC) at 0.25ºN. (a) daily TMI; (b) 5day mean SODA; (c) daily TMI (color) and 5-day mean SODA (black contour) superposition for 2003.
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Figure 4: Maps of the total 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 ºC; (d), (e) and (f) salinity; (g), (h) and (i) zonal velocity; (j), (k) and (l)
meridional velocity; (m), (n) and (o) vertical velocity (m/s).
Figure 5: Maps of the standard deviations of TIW anomaly fields of temperature in ºC (a), salinity (b),
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zonal, meridional and vertical velocity components in m/s (c, d and e, respectively) and sea surface
elevation in m (f).
Figure 6: Time series of TIW EKE at 0.25ºN/28.25ºW, averaged on 5 meters depth (first vertical model
layer), extracted from the SODA 5-day mean. The units are ergs/cm3.
Figure 7: Maps of the mean TIW EKE averaged over three months: Jan-Feb-Mar (a), Apr-May-Jun (b),

835

Jul-Aug-Sep (c), Oct-Nov-Dec (d). The units are ergs/cm3.
Figure 8: Maps of the EKE standard deviations averaged over three months: Jan-Feb-Mar (a), Apr-MayJun (b), Jul-Aug-Sep (c), Oct-Nov-Dec (d). The units are ergs/cm3.
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
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line is East Index, red line is West 1 Index, black line is West 2 Index and magenta line is West 3 Index.
Figure 10: Maps of time mean (a) and standard deviations (b) of barotropic energy conversion rates,
time-mean (c) and standard deviations (d) of Kelvin-Helmholtz energy conversion rates and time-mean
(e) and standard deviations (f) of baroclinic energy conversion rates. The units are in W/m³.
Figure 11: Energy spectra for the index time series of barotropic (a), Kelvin-Helmholtz (b) and
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baroclinic (c) energy conversions. Blue line is East Index, red line is 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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Rainfall Measuring Mission Microwave Imager (TMI) and Advanced Microwave Scanning Radiometer
(AMSR-E) SST from the Remote Sensing Systems project, 5-day 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
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divisions illustrating the index regions: Eastern (EI), Western 1 (W1I), Western 2 (W2I) and Western 3
(W3I) indexes.
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Figure 2: The power spectrum of temperature in the first vertical model layer at 0.75ºN–20.25ºW of the
SODA 5-day total (a) and basic (b) states and TIWs (c).
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Figure 3: Time-longitude plots of filtered sea surface temperature (ºC) at 0.25ºN. (a) daily TMI; (b) 5860

day mean SODA; (c) daily TMI (color) and 5-day 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,
respectively) from the SODA results in the first vertical model layer from August 12 to 17, 2006. (a),
(b) and (c) The temperatures in ºC; (d), (e) and (f) salinity; (g), (h) and (i) zonal velocity; (j), (k) and (l)
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meridional velocity; (m), (n) and (o) vertical velocity (m/s).
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Figure 5: Maps of the standard deviations of TIW anomaly fields of temperature in ºC (a), salinity (b),
zonal, meridional and vertical velocity components in m/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 0.25ºN/28.25ºW, averaged on 5 meters depth (first vertical model
layer), extracted from the SODA 5-day mean. The units are ergs/cm3.
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Figure 7: Maps of the mean TIW EKE averaged over three months: Jan-Feb-Mar (a), Apr-May-Jun (b),
Jul-Aug-Sep (c), Oct-Nov-Dec (d). The units are ergs/cm3.

Figure 8: Maps of the EKE standard deviations averaged over three months: Jan-Feb-Mar (a), Apr-May880

Jun (b), Jul-Aug-Sep (c), Oct-Nov-Dec (d). The units are ergs/cm3.
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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, black line is West 2 Index and magenta line is West 3 Index.
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Figure 10: Maps of time mean (a) and standard deviations (b) of barotropic energy conversion rates,
time-mean (c) and standard deviations (d) of Kelvin-Helmholtz energy conversion rates and time-mean
(e) and standard deviations (f) of baroclinic energy conversion rates. The units are in W/m³.
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Figure 11: Energy spectra for the index time series of barotropic (a), Kelvin-Helmholtz (b) and
baroclinic (c) energy conversions. Blue line is East Index, red line is 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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